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Abstract  
In the fields of sports and rehabilitation, stretching is widely practiced as an 
exercise to condition muscle tone, and static stretching is effective to relax hypertonic 
muscles. Effective static stretching is performed in an appropriate posture and stretching 
intensity, and for the right duration. Stretching postures are illustrated clearly in many 
guidebooks. Stretching intensity, which is the degree of muscle elongation or passive 
tension in the muscle due to joint movements, can also be described in qualitative sensory 
terms; for example, stretching to the point where the muscle feels mild tension, or finding 
a degree of tension that is comfortable. It is difficult to maintain sensitivity during static 
stretching in a relaxed state. The reported duration of stretching required to bring about 
muscle hypotonicity is not well defined. In general, 15 to 30 s is the recommended 
duration. However, the theoretical duration spans anywhere from 6 to 60 s. The difficulty 
to determine the correct duration arises when continuously evaluating the muscle during 
stretching. Although it is an easy and safe method to maintain muscle function, people do 
not always perform static stretching on a daily basis as it consumes more time. Therefore, 
it is necessary to better assess the mechanisms to recognize the change in muscle tone 
that occurs during static stretching. 
There are several studies assessing the change in muscle tone or joint stiffness 
due to static stretching. The simplest method is to compare the range of motion (ROM) 
before and after stretching. This method does not consider the changes that are observed 
while stretching; however, it strictly assesses improvements in joint flexibility. Previous 
studies have indicated that the main cause of the change in ROM is the change in stretch 
tolerance rather than muscle tone. Muscle tone during static stretching has been assessed 
by calibrating a static passive torque at the extended joint. Studies demonstrate that static 
torque during static stretching gradually decreases without showing any changes in the 
electromyograph. The main cause of this decrease was attributed to mechanical stress 
relaxation, a natural property of a viscoelastic body. However, static torque is also 
influenced by changes in muscle structure, which depend on physiological muscle 
reflexes such as Ib inhibition. To detect a change in the target muscle tone, the stiffness 
of a single muscle should be the focus. However, changes in static torque are spread over 
many other muscles around the same joint. 
In recent years, muscle hardness measurement has become a common method to 
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evaluate a muscle’s mechanical condition and is a more suitable approach to study a 
single muscle compared with conventional measurement techniques that focus on the 
flexibility or viscoelasticity of a joint.  
An easier method to evaluate muscle hardness employs skin-surface indentation. 
Through this method, a muscle’s reaction force as a function of its hardness, which is a 
vertical component of the change in muscular tension, can be measured. An indentation 
tester demonstrates immense potential to assess changes in muscle properties and is 
suitable to measure changes in tone within a single muscle. Studies using this tester 
reported a decrease in muscle reaction force upon the static stretching of quadriceps and 
triceps. They also demonstrated proportionality between the reaction force–assessed 
muscle hardness and the muscle’s contraction level. In addition, they also revealed a 
linear increase in the muscle’s reaction force with muscle elongation. These reports 
indicate that a change in reaction force is more strongly correlated to the elastic properties 
of the muscle than to its viscous properties. 
The aforementioned findings exploit the proportionality between the reaction 
force and the elastic modulus to determine the muscle hypotonicity. However, existing 
models that determine muscle hypotonicity, including common spring damper models 
such as the standard linear solid model, do not accurately account for the influence of 
stress relaxation caused by the viscoelastic properties of the muscle. Previous 
experiments suggest representing the viscoelastic properties of biomaterials including 
muscle tissue with a frictional calculus-based “spring pot” considering the time 
dependence of the material property. 
The objective of this study is to construct a quantification method for the muscle 
hypotonicity caused by static stretching exercises, considering biomaterial properties. 
The author presents a new method to evaluate muscle hypotonicity during static stretching 
by applying a spring-pot viscoelastic model expressed by fractional derivatives, 
considering the fractal structure of a muscle tissue. The quantified index is aimed at 
formulating a personalized rehabilitation protocol. 
This thesis consists of seven chapters. 
Chapter 1 introduces the research background and purpose of this study and an 
overview of the technical approach. The author describes the current state of 
musculoskeletal disorders from statistical reports and the limitations of traditional 
research in the fields of clinical rehabilitation, biomechanics, and medical engineering, 
 
 iii
and then connects previous results to the purpose of this research. 
Chapter 2 introduces a new viscoelastic model to express the state change of the 
living-muscle tone. Muscle tissue or muscle fascicle is modeled as a viscoelastic material, 
which is an intermediate material between a solid and a fluid. As a muscle fascicle has a 
fractional construction, it is more accurately be modeled using fractional calculus, called 
spring-pot viscoelastic model. Living-muscle relaxation consists of two mechanisms: 1) 
mechanical stress relaxation specific to the viscoelastic body and 2) physiological stress 
relaxation due to Ib inhibition specific to the living muscle. In this study, a viscoelastic 
model integrating physiological tension relaxation in addition to conventional mechanical 
stress relaxation is proposed. Using the proposed model, the state change of the muscle 
is quantified in three indices: viscoelastic modulus, viscoelastic ratio expressing the ratio 
of an elastic component and a viscous component constituting the muscle, and time of 
conjunction at which these parameters show sudden change.  
Chapter 3 introduces the design and specification of a wearable indentation tester 
to measure muscle hardness. To enable simultaneous use with other measuring 
instruments and to realize a clinically close stretching motion, a wearable-type muscle 
hardness measuring system was adopted. The tester consists of a base plate, an indenter 
tip for the deforming muscle tissue, and a film-type force sensor for measuring reaction 
force. The tester is fixed onto the skin surface by an inextensible band. The functionality 
of the band-type wearable indentation tester was evaluated from the unit’s compatibility 
with tissue hardness obtained from an ultrasonic shear wave elastography. For medical 
use, high-precision muscle-state monitoring is mostly conducted using ultrasound 
elastography. A combination of the shear wave elastography and wearable indentation 
tester were used for the gastrocnemius of the lower leg triceps. The test confirmed a strong 
linear correlation between the measurements of the elastography and the tester. 
Simultaneous measurements with a joint torque measurement using a constant-velocity 
exerciser were also performed. The measured value of the wearable indentation tester was 
minimally affected by the behavior of the antagonist muscle, and it was possible to 
measure the stress relaxation behavior of the stretched strand more precisely. Therefore, 
it was concluded that the change in the material morphology of the muscle surface layer 
was being sufficiently sensed by the muscle hardness measurement system. 
Chapter 4 introduces a clinical experiment to examine the feasibility of the 
proposed method to detect changes in a muscle’s viscoelasticity parameters. Self-static 
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stretching of the rectus femoris—biggest agonist muscle in many physical activities—
was performed on young male subjects and the muscle hardness of the rectus femoris was 
measured during the stretching intervention. As the positive effect of static stretching 
appears more clearly at greater muscle tone, the initial muscle tone was controlled by 
interventions of squatting exercise before stretching. Thus, it was found that muscle 
viscoelasticity varied considerably with stretching motion under increasing muscle tone. 
From this result, it can be deduced that the specific change of muscle viscoelasticity 
reflects the muscle tone relaxation, including the physiological reaction specific to the 
biological muscle. In addition, it was confirmed that the rate of change of the muscle 
viscoelasticity ratio and the amount of change of the muscle viscoelastic ratio are 
proportional to each other, irrespective of the degree of initial muscle tone.  
Chapter 5 introduces a signal processing-based method to estimate the time rate 
of change in the muscle viscoelastic by monitoring the time-series change of the muscle 
viscoelastic ratio. The author proposed a method to estimate the instant at which the 
characteristic muscle viscoelastic change occurred during one stretching action, by 
following the time series change of the viscoelastic ratio with a certain time window on 
the logarithmic property. The result of the estimation is in good agreement with the results 
of previous studies that examined stretch duration based on before and after tests. 
Chapter 6 introduces individual differences in the time of occurrence of the 
muscle viscoelastic change. Based on the principle of static stretching, it is thought that 
the sensitivity of a sensory organ to muscle elongation inputs influences the ease of 
expression of strain relaxation. Sensitivity of a sensory organ must be trained by daily 
exercise as it can stimulate muscle tendon organs. A questionnaire survey was conducted 
on daily exercise habits, and the influence of two factors, namely exercise frequency and 
exercise intensity, was examined. Consequently, the results from the group that exercises 
more than once a month confirmed that the change in muscle viscoelastic occurs earlier 
than the group that exercises less than once a month. In addition, the change in muscle 
viscoelastic tends to occur earlier as the intensity of the exercise increases. These results 
suggest that the response of the sensory nerve to muscle stretch increases by performing 
high-intensity exercises more frequently and induces the muscle tone relaxation effect by 
stretching faster. In addition to this, as past exercise habits of the subjects did not 
influence their recent physical condition, it is important to adjust the stretching duration 
according to changes in exercise habits. 
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Chapter 7 summarizes the achievements and future works from the perspectives 
of clinical rehabilitation, biomechanics, and medical engineering. 
It is extremely important to provide adapted rehabilitation and conditioning 
methods for each individual to maximize their health and reduce medical expenses in our 
recent society. This research is expected to help realize more personalized rehabilitation 
and conditioning. 
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Chapter 1:  Introduction 
  
 2
1.1 Overview 
This chapter introduces the research background and purpose of this study, and 
an overview of the technical approach. The author describes the current state of 
musculoskeletal disorders, especially for chronic pain symptoms by muscle hypertonicity 
due to overuse. As a popular rehabilitation and conditioning method of muscle tone, 
stretching exercise is discussed as the research topic. Subsequently, the limitations of 
traditional research in fields of clinical rehabilitation, biomechanics, and medical 
engineering are discovered and correlated to the purpose of this research and approach. 
1.2 Physical Activity and Musculoskeletal 
Disorders 
Owing to motivations of health benefits and defense mechanism against stress, 
the number of people who regularly perform sports and exercises has increased in recent 
years. According to “The 2016 SSF National Sports-Life Survey,” [1] more than 50% of 
adults participated in sports or physical activities at least once a week, and this rate of 
2016 is over twice larger than that of 1992. In addition, active sports participants –people 
who participate in sports activities at least twice a week for at least 30 min at a time, and 
at a moderate intensity at least slightly hard– increased from 6.6% since 1992 and reached 
20% in 2012 and maintained at 19.6% in 2016. From “The 2015 SSF National Sports-
Life Survey of Young People” [2] targeting men and women in their teens, more than 
50% of them participated in sports or physical activities at least five times a week and 
35.5% of them participated seven times or more in a week in 2015. Thus, in Japan, the 
public's positive sports activities have been implemented, and sports are becoming typical 
in our daily lives. Hosting international sports events as typified by the Tokyo Olympic 
and Paralympic 2020 will further accelerate the national recommendation for physical 
activities.  
Sports activities can improve physical health and mental health; however, in 
some cases, injuries can be resulted. The frequency of occurrence that includes all 
disabilities or disorders caused by sports activities is unknown because of the variety of 
sports and participants. However, according to the report of the International Association 
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for the Study of Pain® [3], more than 50% of disorders are regarded as chronic overuse 
injuries account for up to 50% of sports injuries. The shin sprint and Osgood-Schlatter 
disease are famous examples for athletes. Although acute trauma may be a causal factor, 
many result from cumulative small amplitude forces occurring with overexertion, 
repetitive activities, forceful actions, and prolonged static positioning. These activities 
elevate muscle tone and hyper tension of muscle results in inflammations. 
 In many cases, overuse injuries occur without notice and people get perception 
of injury when they complain of a dull ache. Meanwhile, most of pains caused by overuse 
is tolerable level and restriction of physical activity relieves the pain though muscle tone 
is still in poor condition. Consequently, most people do not take appropriate therapy for 
rehabilitation. These disorders constitute an enormous burden to society in terms of 
human suffering, lost productivity, and healthcare costs have doubled in cost since 2010 
[3]. 
 
Fig. 1-1 Levels of sports and physical activities: By age, 1992–2016 [1]. 
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Fig. 1-2 Participation in sports and physical activities of young people [2]. 
From the perspective of daily work, Japan is confronted with a critical situation 
pertaining to worker’s health. According to the national survey, “Comprehensive Survey 
of Living Conditions Summary Report 2016” by the Ministry of Health, Labor, and 
Welfare [4], the top two of subjective symptoms experienced in daily life are lower back 
pain and stiff shoulder. These symptoms are also caused by overuse, owing to maintaining 
a specific posture for a long time or exhausting work in fields such as agriculture, nursing, 
and construction. Moreover, the symptoms result in a fatal impact on corporate 
productivity. The study [5] reported that “the monetary value due to absenteeism was 
$520 per person per year (11%), that of presenteeism was $3055 (64%), and 
medical/pharmaceutical expenses were $1165 (25%). Two of the highest total cost 
burdens from chronic illness were related to mental (behavioral) health conditions and 
musculoskeletal disorders.” 
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Fig. 1-3 Rate grade of persons with subjective symptoms by type, sex, and age group [4]. 
Not only for maintaining our physical health of us but also for activating our 
society, prevention and rehabilitation from musculoskeletal disorders especially 
hypertonic muscles caused by overuse are important. We should care about our personal 
musculoskeletal condition to maintain or increase our performance. Several treatments 
are effective for hypertonic muscles; the author emphasizes on stretching exercises. In 
the next sections, effects and strategies of stretching, related works, and research 
questions are introduced.   
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1.3 Stretching Exercises as Rehabilitation 
Method 
1.3.1 Types and Effects of Stretching 
Stretching is a typical exercise used by athletes, rehabilitation patients, and 
people participating in fitness programs for muscle-state conditioning. Stretching should 
be performed for a particular goal or outcome. In the field of rehabilitation, main purpose 
is to do stretching are improvement of muscle stretchability, decrease of viscoelasticity 
of connective tissue, and improvement of range of motion. Therefore, static stretching is 
much more frequently performed. In the field of sports, the main purpose is to do 
stretching is to prevent injuries and improvement of performance. Consequently, it is 
desirable to use different stretching according to purpose. 
Fig. 1-4 shows the types and techniques of stretching [6]. This section briefly 
introduces the basic types of stretching: (1) static stretching, and (2) dynamic stretching. 
Subsequently, the research target is clarified. 
 
 
 
Fig. 1-4 Types and techniques of muscle stretching [6]. 
Types of stretching
Static stretching Dynamic stretching Pre-contraction stretching
Active
Self-
stretch
Passive
Partner 
stretch
Active
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Ballistic 
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Other 
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HR = Hold relax; CR = Contract relax; CRAC = Contract relax, agonist contract;
PIR = Post-isometric relaxation; PFS = Post-facilitation stretching; MET = Medical exercise therapy 
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(1) Static Stretching 
Static stretching involves a position that is held for a period of time and that may 
or may not be repeated [7]. Based on yoga, it was established by Mr. Bob Anderson of 
the United States [8]. It probably results in less muscle soreness and provides more 
qualitative relief from muscle distress, thus, it is recommended to do for recovery after 
strenuous exercise or relaxing the hard knots in one's muscles.  
Stretch can be assisted by gravity, a partner, or apparatus. Static stretching is 
likely a much safer stretching technique for sedentary or untrained individuals [9]. Proper 
static stretching is safe, and it alleviates the typical constraints of limited funds, time, and 
space [7]. However, indications exist where stretching itself is tedious and this makes 
people unmotivated to do static stretching. 
 
(2) Dynamic Stretching 
Dynamic stretching is usually associated with bobbing, bouncing, and rhythmic 
motion, and it can also occur simultaneously with contraction of the same muscles [7]. 
Japan's radio gymnastics and Brazilian gymnastics that performed in football warm-up 
are representative examples of dynamic stretching. Contrary to the relaxation effect of 
static stretching, it improves reflex reactions, thus increasing agility, dexterity, and muscle 
output. Therefore, caution is necessary because the muscle tone may be further increased 
where the muscle tone is elevated originally or where pain is generated in the muscle, 
which may cause pain exacerbation and trouble.  
 
Static stretching is effective for relaxing muscle hypertonia, which is a cause of 
excessive overperformance and results in overuse injuries. Therefore, the author focused 
on static stretching in this study. Additionally, self-stretching was selected for the 
experimental tasks that can be performed by ourselves in daily life regardless of place, 
time to intervention, or target parts of the body. 
1.3.2 Strategies of Static Stretching 
In this section, the author describes three major aspects to implement effective 
static stretching by referencing [7]. 
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(1) Posture (Starting position) 
For stretching to be safe and effective, the posture must be stabilized [7]. That 
is, you can "support, control and relieve your muscles throughout the exercise [10]." In 
particular, when stretching while balancing with one leg or when sitting on a chair, when 
a stretching board [11] (Fig. 1-5) is used, the attitude is likely to become unstable. To 
stabilize a posture during stretching, auxiliary tools such as splints and belts [12] (Fig. 
1-6) can be used. Such auxiliary devices can maintain a stable support and control during 
stretching to prevent erroneous operations and dangerous movements during stretching. 
 
 (2) Strength (Intensity) 
It is paramount to set the correct target strength of stretching. This is because 
trauma can be caused by applying excessive external forces to the muscle/tendon group 
in any stretching form. Various opinions exist, such as the level of approximately 60 to 
70% for the limits of recognizable effort, the level of 65 to 85%, the level of 85 to 100%, 
 
 
 
Fig. 1-5 Stretch board DX [11]. 
 
Fig. 1-6 StretchbandTM [12]. 
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and the highest level of flexibility in stretching [7]. However, clear recommended values 
do not exist. This is because the stretching strength and accompanying discomfort and 
pain are subjective, and that stretching is typically performed under conditions where the 
strength cannot be measured. As a current subjective judgment method, it is regarded 
necessary to reduce the intensity and duration when muscle begins to quiver and vibrate, 
pain persists, or range of motion (ROM) decreases [7]. 
Meanwhile, if one is afraid of trauma and the stretching strength is insufficient, 
sufficient stretching may not be obtained to relieve muscle tension. Stretching strength is 
an important factor affecting stretching, and an objective indication of stretching strength 
is required for a reliable effect development. 
 
(3) Duration 
The muscle stretch duration is determined approximately, and it is generally 
recommended to hold for 10 to 30 s. However, various opinions exist regarding the 
optimum stretching time; some researchers recommend 2 s at the shortest and 60 s at the 
longest [7]. It is considered that the duration varies depending on the stretching condition. 
Many body parts should be stretched in a rehabilitation or conditioning program, 
and other training times such as that for strength training must be secured to avoid 
unnecessarily long stretching. However, it is difficult to judge the presence or absence of 
stretching effect sensationally during stretching; therefore, the stretching duration tends 
to be longer than 20–30 s. It is reiterated that multiple repetitions of sustained static 
stretches for a single muscle group can be very rigorous, time consuming, and hence an 
unrealistic stretching [13]. 
Static stretching is easier to perform compared with other types of stretching 
exercises; however, many people cannot make static stretching exercise a habit. The 
primary reason is time constraint [14]. A long time is required to encompass multiple 
parts of the body. Another reason is the insufficient knowledge about proper stretching 
and its potential benefits [7]. 
 
In this research, the primary issue to be solved is the duration of static stretching, 
as it is regarded as the primary reason hindering the habitual practice of rehabilitation 
exercise. 
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1.4 Limitations of Research on Static 
Stretching 
Numerous studies assess the change in muscle tone or joint stiffness due to static 
stretching. Herein, the author briefly introduces traditional methods for evaluating 
clinical effects of static stretching and their limitations referencing famous studies. 
The simplest method is to compare the range of motion (ROM) before and after 
stretching [15-16]. This method does not consider the type of changes that occurred while 
stretching, and merely assesses improvements in joint flexibility. It is suggested that the 
change in the ROM may not be caused by the change in muscle tone but by the change 
in stretch tolerance of the subjects.  
The muscle tone while static stretching is being performed has been assessed 
using static passive torque measurements at the extended joint. Studies [17-19] have 
reported that static torque during static stretching indicated a gradual decrease without a 
change in the electromyograph (EMG). The primary cause of the decrease in static torque 
was regarded to be mechanical stress relaxation, a natural property of a viscoelastic body. 
However, static torque is also influenced by changes in muscle structure, which depend 
on physiological muscle reflexes such as Ib inhibition [20-21]. To detect a change in the 
target muscle tone, we should focus on the stiffness of a single muscle; however, this is 
difficult because changes in static torque comprises many other muscles around the same 
joint. 
ROM and stiffness focused on material property of muscle-tendon unit or joints. 
These are usually used as a part of study of fundamental biomechanics. Meanwhile, in 
the field of practical rehabilitation or sports science, performance of physical activity such 
as strength of muscle contraction, jump height,  or splint time was assessed for 
evaluating effect of static stretching [22-24]. These studies were primarily based on 
before-and-after tests. Therefore, participants must complete several stretching 
conditions randomly, on a separate day [25]. These studies did not consider individual 
difference in performing stretching since gathered data should be statistically summarized 
in groups. Thus, effect of stretching on a certain subject is hardly investigated. 
The author believes the limitation of the evaluation of static stretching is caused 
by the limitation of the measurement methodology of muscle function during stretching. 
 
 11
1.5 Research Purpose 
In this study, a method to capture hypotonicity during static stretching by 
considering a time-series change in muscle viscoelasticity was developed, focusing on 
single-muscle viscoelasticity. Then, an experiment of self-static stretching in conditions 
close to the clinical settings was performed. These settings have the potential to reveal 
the occurrence of hypotonicity without confusing simple mechanical stress relaxation 
with physiological reflex. The duration to change muscle viscoelasticity, i.e., muscle 
hypotonicity, was derived using the proposed method and its individual differences were 
investigated. The results suggest a factor affecting the duration to change the muscle state, 
which would be useful to plan a rehabilitation program adapted to individual needs to 
achieve effective recovery. 
1.6 Technical Approach 
To realize quantification of muscle hypotonicity, these technical approaches 
were followed in this study. 
 Modeling of the muscle viscoelasticity considering both of mechanical property and 
physiological property 
 Development of a measurement system which can capture time-series single muscle 
behavior 
 Demonstration experiment under conditions close to clinical settings to investigate the 
effect of static stretching in actual fields of sports and rehabilitation 
1.7 Structure of this Thesis 
This thesis consists of seven chapters. Fig. 1-7 shows structure of this thesis. 
Chapter 1 introduces the background of musculoskeletal disorders and a major 
treatment—static stretching—followed by a description of the issues of traditional 
sensing, evaluation methods, and the purpose of this research. 
Chapter 2 introduces the proposed model to quantify the change of muscle 
viscoelasticity based on biomechanical properties. By using a model called “spring-pot,” 
which is in agreement with the fractal viscoelastic structure of biomaterials, the author 
proposes a new evaluation method for the occurrence of hypotonicity. 
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Fig. 1-7 Structure of this thesis. 
 
Chapter 3 introduces the development of a wearable indentation tester for 
continuous measurement of single-muscle hardness during static stretching. Compared 
with traditional measurement methods such as joint torque measurement, the wearable 
indentation tester was observed to be more suitable for capturing the behavior of the 
stretched muscle, and its measured value closely approaches that calibrated by one of the 
most reliable medical machines, namely the ultrasound elastography. 
Chapter 4 introduces a feasibility test for the proposed method. The method 
revealed a change in the viscoelastic parameters while the subjects performed self-static 
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stretching of their quadriceps. This chapter suggests projecting hypotonicity as a 
physiological stress relaxation property. 
Chapter 5 introduces a technique to detect hypotonicity using one of the indices, 
namely the viscoelastic ratio.  
Chapter 6 introduces individual differences in duration to achieve hypotonicity. 
By considering the exercise habits of the test subjects, possible suggestions for 
personalized static-stretching protocol were discussed. 
Chapter 7 summarizes the achievements of this research and discusses future 
work. 
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Chapter 2:  Living-Muscle Stress 
Relaxation Model 
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2.1 Overview 
Chapter 1 suggested that a time-series analysis of muscle material property was 
necessary to reveal individual differences in the positive effect of single static stretching 
on a target muscle. In this chapter, first, the basics of muscle viscoelasticity and its major 
models are reviewed. Then, a new model is proposed to explain the time-series behavior 
of muscle viscoelasticity, considering both mechanical stress relaxation and physiological 
stress relaxation, namely hypotonicity. Finally, feasibility of the proposed model was 
tested simply by muscle hardness measurement by ultrasound elastography. 
2.2 Stiffness, Hardness and Viscoelasticity 
of Muscle 
In recent years, muscle hardness measurement has become a more typical 
method for evaluating the muscle’s mechanical condition and is a more suitable approach 
for evaluating a single muscle than conventional measurement focusing on the flexibility 
or viscoelasticity of the joint (Fig. 2-1). As shown in Fig. 2-2, muscle hardness is a 
mechanical property that represents transverse muscle stiffness, and is typically defined 
as the resistance offered by the muscle against perpendicular pressure [26]. Since change 
of material property of muscle is close to fundamental cause of improvement or loss of 
muscle function, recent researchers expect muscle hardness to reveal laws of 
biomechanics.  
 
 
Fig. 2-1 Methods for assessing muscle function. 
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Fig. 2-2 Stiffness and hardness. 
 
For medical use, high-precision muscle-state monitoring is primarily conducted 
using ultrasound elastography [27-31]. There are some types of elastography, and shear 
wave elastography (SWE) is thought to be able to estimate tissue hardness precisely the 
most since it does not require pushing the tissue. 
The shear modulus S [32] is calculated by Eq. (2-1) 
 
𝑺 ൌ  𝝆 ൈ 𝒗𝒔𝟐     (2-1) 
 
where ρ is the density and 𝑣௦ is the shear wave speed. 
The shear modulus S is proportional to the Young’s modulus E, 
 
𝑬 ൌ 𝟐ሺ𝟏 ൅ 𝝂ሻ𝑺 ൎ 𝟑𝑺     (2-2) 
where ν is Poisson ratio, assumed = 0.5 for soft tissue. The muscle hardness is thought to 
correlate strongly with muscle stiffness as well. 
An easier method for evaluating muscle hardness in daily use employs skin 
surface indentation. Through this method, the author measures the muscle’s reaction force 
as a relationship to hardness, which is a vertical component of the change in muscular 
tension. The indentation-type tester can assess the changes in muscle properties and is 
well suited for measuring tone changes within a single muscle [33-35]. Studies using this 
type of tester, e.g., [36] and [37], have reported that muscle reaction force decreases after 
the static stretching of quadriceps and triceps. It is also reported that muscle hardness 
assessed by its reaction force is proportional to the muscle’s contraction level [38, 39]. In 
addition, the muscle’s reaction force demonstrated a linear increase with muscle 
elongation [40, 41]. These reports suggest that a change in reaction force is more strongly 
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correlated with the elastic property of the muscle, rather than to its viscos property.  
The findings above exploit the proportional relationship between reaction force 
and elastic modulus to determine muscle hypotonicity. However, the confounding 
influence of stress relaxation caused by the viscoelastic properties of muscle still remain, 
which is difficult to be expressed using typical spring damper models such as the standard 
linear solid model. Traditional before-and-after test of ROM, joint torque or muscle 
hardness can be referable to tests of elasticity. The viscosity of a biological tissue is 
typically assessed by creep test or stress relaxation test. In-vivo tests have been performed 
using muscles isolated from rabbits or frogs; it was found that the viscoelastic property 
cannot be expressed easily by a simple spring-damper model such as the standard linear 
solid model [42]. 
 Muscle tissue is modeled as a viscoelastic material, which is an intermediate 
material between solid and fluid. Previous experiments suggested that a “spring–pot” [43, 
44], based on fractional calculus, can accurately represent the viscoelastic properties of 
biomaterials, including muscle tissues [45, 46]. An in-vitro test of a single muscle’s 
viscoelasticity using a spring–pot model revealed that it captured stress relaxation and 
creep behavior with the least-square error values, and was lower than 1% [42]. 
Furthermore, one of the most popular empirical data of joint torque relaxation from [17] 
has been computed clearly using the spring–pot model [47]. 
Static stretching can be defined as a stress relaxation test of a viscoelastic 
muscle–tendon unit from the perspective of material mechanics. Therefore, the author 
modeled the material properties of living muscles based on mechanical stress relaxation 
and considered using a spring–pot viscoelastic model that is well suited to biomaterials. 
 
Fig. 2-3  Spring–pot model considering fractional construction of fascicles [44]. 
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Because of the ease of measurement, the author selected indentation testing for 
muscle hardness measurement and the reaction force from the muscle as an indicator of 
muscle hardness. In this study, a viscoelastic model of a living muscle was constructed 
by focusing on the reaction force of a single muscle.  
2.3 Stress Relaxation Caused by 
Mechanical Property and Physiological 
Property 
 Muscle hyopotonicity is the reduction of muscle tone by a physiological 
reaction for a prolonged stretch. This mechanism is called the 1b inhibition (Fig. 2-4) and 
is expressed as follows [48]. Peripheral receptors involved in the suppression of muscle 
tension when the muscle is stretched are Golgi tendon organs (GTOs) and joint receptors. 
In general, 1b nerve fibers from the GTO assumed to be present in the muscle tendon 
junction changes the degree of excitation according to the muscle tension. That is, when 
persistent stretching is applied to the muscles, the GTOs in the agonist muscle and 
cooperative muscle are excited and this signal propagates the 1b nerve fiber afferently 
and enters the spinal cord dorsal horn through the interneurons. The excitement of the 
anterior horn cells of the same name is suppressed, and conversely the signal acts 
promptly on the anterior horn cells of the antagonist muscle. 
Considering the results of previous studies investigating stretching duration 
based on a before-and-after test, significant decreases of muscle tone must occur 20–30 s 
after starting stretching, on average. That is, the reaction force trace element describing 
only hypotonicity is expected to appear as a curve, as shown in Fig. 2-5 (a). Meanwhile, 
the element of mechanical stress relaxation should appear as shown in Fig. 2-5 (b), and 
this will be well expressed by the spring–pot viscoelastic model as mentioned in the 
previous section. The actual reaction force trace will be affected mainly by mechanical 
stress relaxation as previous studies [17-19] mentioned, therefore some techniques should 
be required to capture hypotonicity obviously. 
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Fig. 2-4 Mechanism of Ib inhibition [48]. 
 
 
  
(a) Hypotonicity (b) Mechanical stress relaxation 
Fig. 2-5 Two types of “Relaxation”: Physiological property and mechanical property. 
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2.4 Spring–pot Model During Static 
Stretching 
Herein, the author present a new method to evaluate muscle hypotonicity during 
static stretching using a spring–pot viscoelastic model to account for the effect of muscle 
structure change, distinct from stress relaxation. 
Considering the fractional construction of fascicles, it is better to apply fractional 
calculus in a viscoelastic model; we call this the spring–pot viscoelastic model [44]. In 
this study, the author simply set the muscle-tendon unit as a single viscoelastic body that 
exhibits the fractal tissue structure to investigate the basics of muscle state transition and 
did not consider the difference in material property of the muscle and tendon. 
The spring–pot viscoelastic model, which can be expressed mathematically 
using fractional calculus, is as follows: 
 
𝜎ሺ𝑡ሻ ൌ 𝐺൫𝜀ሺ𝑡ሻ൯ 𝑑
𝑟𝜀ሺ𝑡ሻ
𝑑𝑡𝑟      (2-3) 
 
where σ is the muscle stress, G is the viscoelastic modulus, ε is the muscle strain, t is the 
reference time scale, and the derivative order r is the ratio of viscosity to elasticity of the 
muscle (i.e., the viscoelastic ratio; 0 < r < 1). r = 1 implies a perfect elastic body, and r 
= 0 implies a perfect viscous body. Eq. (2-3) can be rewritten using the muscle reaction 
force F and muscle elongation l as follows: 
 
𝐹ሺ𝑡ሻ ൌ 𝐺൫𝑙ሺ𝑡ሻ൯ 𝑑
𝑟𝑙ሺ𝑡ሻ
𝑑𝑡𝑟 .     (2-4) 
 
Because muscle elongation is constant in SS,  
 
𝑙ሺ𝑡ሻ ൌ 𝑙௖ ൌ 𝑐𝑜𝑛𝑠𝑡.     (2-5) 
 
Further, Eq. (2-4) can be solved from the mechanical stress relaxation test as  
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𝐹ሺ𝑡ሻ ൌ 𝐺𝑙ሺ𝑡ሻ𝐷௥ሺ1ሻ.     (2-6) 
 
𝐷௞  denotes the k-th derivative and 𝐷ି௞  denotes the k-fold integral. Based on the 
Riemann–Liouville integral, the fractional integral is defined as 
 
𝐷ି௞𝑓ሺ𝑡ሻ ൌ 1Γ൫𝑘൯ ׬ ሺ𝑡 െ 𝜉ሻ௞ିଵ
௧
଴ 𝑓ሺ𝜉ሻ𝑑𝜉,   (2-7) 
 
where 𝑓ሺ𝑡ሻ is the integrand and Γሺ𝑘ሻ is the gamma function. The fractional derivative 
of 𝑓ሺ𝑡ሻ of order 𝜇 ൐ 0 (if it exists) can be defined in terms of the fractional integral 
𝐷ି௞𝑓ሺ𝑡ሻ as 
 
𝐷ఓ𝑓ሺ𝑡ሻ ൌ 𝐷௠ൣ𝐷ିሺ௠ିఓሻ𝑓ሺ𝑡ሻ൧,    (2-8) 
 
where m is an integer ൒ ሾ𝜇ሿ , and [x] is the ceiling function. The semiderivative 
corresponds to 𝜇 ൌ 1/2. The fractional derivative of the function 𝑡ఒ is given by 
 
𝐷ఓ𝑡ఒ ൌ 𝐷௠ൣ𝐷ିሺ௠ିఓሻ𝑡ఒ൧     (2-9) 
 
ൌ 𝐷௠ ൤ Γ൫𝜆൅1൯Γ൫𝜆൅𝑚െ𝜇൅1൯ 𝑡ఒା௠ିఓ൨             (2-10) 
 
ൌ Γ൫𝜆൅1൯൫𝜆െ𝜇൅𝑚൯൫𝜆െ𝜇൅𝑚െ1൯⋯൫𝜆െ𝜇൅1൯Γ൫𝜆൅𝑚െ𝜇൅1൯ 𝑡ఒିఓ    (2-11) 
 
ൌ Γ൫𝜆൅1൯൫1൅𝜆െ𝜇൯𝑚Γ൫1൅𝑚൅𝜆െ𝜇൯ 𝑡ఒିఓ      (2-12) 
 
ൌ Γ൫𝜆൅1൯Γ൫𝜆െ𝜇൅1൯ 𝑡ఒିఓ       (2-13) 
 
for  𝜆 ൐ െ1, 𝜇 ൐ 0 . The fractional derivative of the constant function 𝑓ሺ𝑡ሻ ൌ 𝑐  is 
subsequently given by 
 
 23
 
𝐷ఓ𝑐 ൌ 𝑐 limఒ→଴
Γ൫𝜆൅1൯
Γ൫𝜆െ𝜇൅1൯ 𝑡ఒିఓ     (2-14) 
 
ൌ 𝑐𝑡െ𝜇Γ൫1െ𝜇൯                (2-15) 
 
By substituting Eq. (2-15) in Eq. (2-6), 𝐹ሺ𝑡ሻ is written as 
 
𝐹ሺ𝑡ሻ ൌ 𝐺𝑙𝑐Γ൫1െ𝑟൯ 𝑡ି௥       (2-16) 
 
ൌ 𝐹௖𝑡ି௥       (2-17) 
  
where lc is the muscle elongation constant and Γ is the gamma function, which determines 
the coefficient of muscle reaction force Fc. Equations (2-16) (2-17) can be written in the 
logarithmic form as follows: 
 
log 𝐹 ൌ െ𝑟 log 𝑡 ൅ log 𝐺𝑙𝑐Γ൫1െ𝑟൯        (2-18) 
 
ൌ െ𝑟 log 𝑡 ൅ log 𝐹௖     (2-19) 
 
Assuming a constant viscoelasticity, log F decreases linearly with log t. This 
linear function is the stress relaxation model during static stretching only, representing a 
mechanical property. After the muscle hypotonicity has resulted as a physiological 
property, the viscosity becomes lower and the values of the viscoelastic modulus r and 
viscoelastic modulus G must decrease such that the slope becomes gentler and the log F-
intercept of the linear model decreases. Therefore, by identifying a change in the linear 
approximation (2-18), muscle hypotonicity can be detected, as shown in Fig. 2-6. The 
author named this model linear with viscoelastic parameter changes as a living-muscle 
stress relaxation model. 
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Fig. 2-6 Proposed living-muscle stress relaxation model during static stretching inclusive of 
muscle hypotonicity. 
 
2.5 Proposal Method to Detect Change in 
Muscle Viscoelasticity 
In this section, the author proposes a method to estimate the time of occurrence 
of muscle tension relaxation using only muscle viscoelastic ratio r calculated from the 
measured value of indentation reaction force. 
In the previous section, the author modeled the living-muscle stress relaxation 
model with time-dependent parameters: the muscle viscoelastic ratio r and the muscle 
viscoelasticity factor G. These parameters may decrease in a short time during stretching. 
In other words, the straight line of the reaction force moves downward at a certain time 
during stretching. If the muscle viscoelastic ratio r, which is the negative slope of the 
straight line is calculated in a time series, the value diverges at the point where a linear 
change occurs, as shown in Fig. 2-7. Therefore, when the muscle viscoelastic ratio r 
shows a sudden decrease, a peak should appear in the sequence data. If this peak can be 
detected, the time of occurrence of muscle tone relaxation can be estimated. 
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Fig. 2-7 Change point detection of the stress relaxation model using the time-series 
monitoring of the viscoelastic ratio. 
 
2.6 Feasibility Test of the Proposed Model 
2.6.1 Objective 
To confirm that muscle hardness behavior during static stretching can be 
expressed as the proposed living-muscle relaxation model under a clinical condition, an 
experiment of muscle hardness measurement during static stretching was conducted with 
shear wave elastography (SWE). 
2.6.2 Subjects 
Four young males in their twenties participated in this experiment. The 
measurement site was the rectus femoris muscle. The muscle was selected because it 
involves many physical activities and injuries such as the Osgood–Schlatter disease, 
comprises a large cross-sectional area [49], and its stretching posture is easy to maintain 
than other stretching such as heel drop calf stretching [50-51]. 
2.6.3 Materials and Methods 
The center of the rectus skin that is located immediately above the center of 
rectus femoris, was searched and marked in advance using ultrasound imaging system 
Aixprore® (SuperSonic Imagine Ltd., France). The participants were asked to perform a 
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self-lean back quad stretch for 1 min once, because the degree of muscle tone decrease 
occurs the most in the first static stretching and decays with repetition [52]. When the 
subject achieved a stable stretching posture, the examiner set the ultrasound probe at the 
center of the rectus skin and started the observations of SWE. The experimental condition 
is shown in Fig. 2-8. 
 The ROI was set at the superficial part of the rectus femoris, as shown in Fig. 2-9. 
 
 
 
Fig. 2-8 Experimental condition for measuring the shear modulus at the rectus femoris 
during self-static stretching. 
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Fig. 2-9 ROI for elastography of the rectus femoris and its color map of tissue hardness. 
 
2.6.4 Results 
Fig. 2-10 shows the change in shear modulus at the rectus femoris during 1 min 
of static stretching of quadriceps. In Fig. 2-11, the time and the shear modulus are 
translated into the logarithmic scale.  
In Fig. 2-11, a stress relaxation curve is converted into a linear-like trace, and is 
the most apparent in participant 2. Participants 1 and 3 exhibit a significant sudden 
reduction (gap) in shear modulus at approximately 32 s (in logarithmic scale, 1.51), and 
this is in conjunction with linear slope changes. Participants 2 and 4 do not exhibit any 
significant sudden reduction in shear modulus, but the linear coefficient appears to change 
at approximately log 𝑡 = 1.44 and 1.72, respectively. 
  
10[s] 20[s] 30[s] 40[s] 50[s] 60[s]
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(a) Subject 1 
 
(b) Subject 2 
 
(c) Subject 3 
 
(d) Subject 4 
Fig. 2-10 Change in shear modulus during 1 min of static stretching of rectus femoris. 
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(a) Subject 1 
 
(b) Subject 2 
 
(c) Subject 3 
 
(d) Subject 4 
Fig. 2-11 Change in shear modulus during 1 min of static stretching of rectus femoris 
(logarithmic scale). 
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2.6.5 Discussion 
As mentioned above, a sudden decrease in muscle hardness is thought to reflect 
muscle hypotonicity caused by the tension feedback of the GTO. This phenomenon was 
observed in two of four subjects. Hypotonicity is more likely to appear when the muscle 
is hypertonic and the stretching intensity is appropriate. The results suggest that the 
proposed model can express living muscle behavior. However, for discussing the 
feasibility of the model, further experimentations under a strong probability of 
hypotonicity occurrence are required.   
The SWE limits its continuous measurement period to 60 s as the maximum. In 
addition, it is difficult to maintain the probe with a constant contact condition without an 
expert examiner. Therefore, logging the muscle hardness include a period of stretching 
motion before the stretch posture becomes stable. To discuss the individual difference in 
the stretching duration, a precise definition of start time of static stretching and the 
logging of muscle behavior for more than 60 s, which is thought to be enough for resulting 
in hypotonicity, are required. To handle these limitations, the author developed a wearable 
indentation tester (WIT) that is suitable for continuous muscle hardness measurement 
during natural stretching exercise in a clinical setting, and examined this viscoelastic 
behavior further using the WIT in chapter 4. 
2.7 Conclusion of this Chapter 
In this chapter, the living-muscle stress relaxation model was proposed to 
distinguish between mechanical stress relaxation and physiological muscle tone 
relaxation, which is a dominant change factor in muscle hardness. Two viscoelastic 
parameters, viscoelastic ratio r and viscoelastic modulus G, were applied as time-
dominant parameters changed by muscle hypotonicity. Subsequently, the author proposed 
a method of estimating the occurrence time of muscle tension relaxation using only the 
muscle viscoelastic ratio r as an evaluation index, because it is a dimensionless number 
and is easier to calculate than the viscoelastic modulus G. As a simple feasibility test of 
the proposed model, the muscle hardness measurement of the rectus femoris during static 
stretching was conducted using SWE. The results suggest the potential of the proposed 
model for quantifying the occurrence of hypotonicity by the change in viscoelastic 
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parameters. In the next chapter, the author describes the development of a muscle 
hardness measurement system that enables the muscle behavior explained by our 
proposed model to be captured. 
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Chapter 3:  Wearable Indentation 
Tester 
  
 34
3.1 Overview 
This chapter introduces a muscle hardness measurement device that can capture 
the viscoelastic behavior of surface muscle explained in chapter 2. A (WIT was developed 
to realize continuous muscle hardness measurement for superficial muscles without 
disturbing the clinical procedure of self-static stretching. The measured value of the WIT 
was validated by comparing with other measurement items related to muscle hardness, 
and was assessed as sufficiently accurate to monitor changes in muscle hardness during 
SS.  
3.2 Limitation of Ready-Made Muscle 
Hardness Meter 
Muscle hardness is a mechanical property that represents transverse muscle 
stiffness, and is typically defined as the resistance offered by the muscle against 
perpendicular pressure [26]. Muscle hardness measurement becomes a primary method 
to evaluate muscle conditions. It is thought to be more suitable approach for a specific 
muscle condition rather than measurements of joint torques or range of motions, and it 
would significantly enhance the detection of injury risk and the monitoring of treatment 
effect or training in clinical or sports settings.  
Recently, some measurement devices have been developed for clinical use. The 
primary devices for daily therapies are handy indentation-type muscle hardness meters 
such as the NEUTONE (TRY-ALL Corp., Japan, Fig. 3-1(a)) [53], PEK-1 (Imoto 
Machinery Co. Ltd., Japan, Fig. 3-1(b)), and MyotonPRO (MyotonAS, Estonia, Fig. 
3-1(c)) [34]. These devices measure muscle hardness as reaction force when the indenter 
is pressed vertically onto the skin surface of the target muscle [54]. A similar method has 
been used for the measurement of specific organ properties in surgeon-assisted 
technology [55-56]. Some researchers have developed their own devices for experiments 
based on the indentation method [38, 57, 58]. However, commercially available handy-
type devices are the most popular because they are easy to use in daily therapy or sports 
settings. 
The common problem pertaining to such hardness meters is that they are not 
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applicable to continuous measurements during physical activities. In this study, the author 
wanted to monitor the change in muscle hardness by 1 s during the entire process of a 
static stretching exercise; therefore, a suitable muscle hardness meter was developed for 
this study. 
 
 
Fig. 3-1 Muscle hardness meters. 
 
 
 
Fig. 3-2 Measurement principle of muscle hardness by indentation method [54]. 
  
Spring  
Pushing Force
Sample
Reaction Force
Base
Indenter  
Pressure Surface
  
(a) NEUTONE [53] (b) PEK-1 [59] (c) MyotonPRO [34] 
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3.3 Development of Wearable Indentation 
Tester 
3.3.1 Requirements 
 The author aimed to measure muscle hardness in these conditions: 
 Focusing on a single muscle that is primarily stretched 
 Easy to wear in clinical conditions 
 Can measure muscle state continuously 
 Does not cause body pain 
 Accurate for capturing changes in muscle hardness 
 
A wearable, contact-type muscle hardness meter, i.e., WIT was developed to be 
of high precision, easy to wear, and small enough to use in clinical settings. Table 3-1 
shows the position of the WIT compared with other measurement methods including the 
ROM, joint torque, and muscle hardness. The primary advantage of the WIT is that it can 
measure muscle hardness continuously and comfortably during SS. 
3.3.2 Specifications of Wearable Indentation 
Tester 
A WIT (Fig. 3-3 was developed for measuring muscle hardness continuously by 
an indentation method [51, 60-61]. The tester consists of a base plate, an indenter tip (8-
mm tall with a 9-mm hemispherical head), with a film-type force sensor Flexiforce® 
A201-1 (Tekscan, Boston, MA, USA). The sensor is attached to skin surface by an 
inextensible band or a kinesiology tape. The specification of Flexiforce® A201-1 is 
shown in Table 3-2. The force sensor and the size of the indenter head was selected by 
referring to [39]. The author confirmed the indenter’s ability to deform the muscle when 
the base plate was in contact with the rectus skin surface by analyzing ultrasound images 
using Sonosite M-Turbo® (Fujifilm Corp., Tokyo, Japan). The reaction force on the 
indenter, generated by the muscle’s deformation, was measured as an index of muscle 
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hardness. Further, a subjective assessment of pain was performed on 10 young males in 
their twenties, and all of them responded no pain feeling due to indentation during the 
stretching and shortening exercises while wearing the WIT. 
Table 3-1 Comparison of measurement methods for muscle function 
Measurement item & method 
ROM/ 
Specific 
exercise 
performance
Dynamic
torque 
Static 
torque 
Muscle hardness 
Elastography/ 
Handy type 
durometer 
Wearable 
indentation 
tester 
Measurement 
timing 
Pre-SS vs. post- SS Suitable Suitable Suitable Suitable Able 
On SS 
performance 
Unsuitable Unsuitable Suitable Able/ Unsuitable Suitable 
Evaluation 
level of the 
body 
Joint level Suitable Suitable Suitable Unsuitable Unsuitable 
Single-muscle 
level 
Unsuitable Unsuitable Unsuitable Suitable Suitable 
Multiple muscles 
separately 
  Unsuitable Suitable 
 
Table 3-2 Specifications of FlexiForce® sensor A201-1 
Linearity Error % < ± 3 
Repeatability % of full scale < ± 2.5 
Hysteresis % of full scale < 4.5 
Drift % / logarithmic time scale < 5 
Response Time ms < 5 
Operating Temperatures °C -100 
Force Ranges N 0 - 4.4 
Temperature Sensitivity  % / °F 0.2 
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(a)  Appearance of the device 
 
 
(b) Size of the base plate and the indenter tip 
 
 
(c) Cross-sectional view of the indentation tester fixed onto skin surface above the target 
muscle 
Fig. 3-3 Wearable indentation tester for measuring muscle viscoelasticity during static 
stretching. 
Force sensor
Indenter tip Inextensible band
50
50
7
8
Φ9
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The indentation reaction force F N is obtained from the value obtained by 
amplifying the signal by connecting the terminal of the flexible force sensor to a dedicated 
amplifier box (Flexiforce® Amplifier Box, Nitta Corporation, Osaka, Japan). Because the 
maximum measurement voltage of the AD converter PH - 780 (DKH Co., Ltd., Tokyo, 
Japan) was 5 V, the amplifier box was set such that the assumed output voltage Vout during 
the experiment was 1 to 3 V. The variable resistance inside was adjusted. The loading 
load was changed using the digital force gauge ZP - 50N (IMADA Co., Ltd., Aichi, Japan). 
Owing to the linear function approximation by the least-squares method (Fig. 3-4), the 
correlation coefficient R2 between the indentation reaction force F N and the output 
voltage Vout V is as high as 0.994. 
Fig. 3-5 shows the result of converting the output of the AD converter into a 
reactive force when a constant load is applied to the indentation reaction force sensor unit. 
Because the output of the sensor is assumed to exhibit a large error and that a minute 
reaction force change cannot be detected, the measurement error is reduced by calculating 
a moving average (MA). Table 3-3 shows the error range of the raw data, 10 moving 
averages (10 MA), and 100 moving averages (100 MA). Because the measurement cycle 
is 1000 Hz, the measurement times are 1, 10, and 100 ms respectively. The measurement 
error was within ± 0.050 N at 100 MA. Because it is sufficient to estimate the muscle 
tone relaxation time in units of 1 s, it was considered that the moving average section of 
100 ms would not be problematic. To ease the understanding of tendency change in the 
measured value, the author processed the data with the value of 100 MAs in this research. 
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Fig. 3-4 Relation between reaction force and voltage. 
 
Fig. 3-5 Measuring error of the force sensor. 
Table 3-3 Measuring error of the force sensor 
Moving average MA 0 ( Raw data ) 10 100 
Measurement time ms 1 10 100 
Error N ±0.803 ±0.145 ±0.047 
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3.4 Sensor Validation Compared with 
Shear Wave Elastography 
3.4.1 Objective 
A primary question regarding muscle hardness measurement is whether the 
change in the measured value includes the target tissue behavior as well as the overlapped 
tissue. Through this simple experiment, the author reveals that the WIT can capture 
superficial muscle tissue behavior at a specific depth.  
3.4.2 Materials and Methods 
One young male aged 23 participated in this experiment. 
The experiment to compare muscle hardness indices: shear modulus measured 
by ultrasound elastography and reaction force measured by a WIT was performed with a 
constant joint angle stretching (static stretching) of an ankle joint. The measurement site 
was the right gastrocmenius medialis (GM). This muscle was selected because 
measurement devices are easily fixed under a passive static stretching condition. 
The experimental settings are shown in Fig. 3-6. The subject lay down prone on 
a bed. The probe of the SWE (Aixprore®, SuperSonic Imagine Ltd., France) was fixed 
onto belly muscle at 30% from the knee joint and the WIT was fixed onto belly muscle 
at 40% from the knee joint. A constant joint angle keeper was adjusted to 30° by hand 
and the stretching posture was maintained for 1 min. This static stretching was repeated 
five times at 30-s intervals, because the effect of static stretching diminishes by repetitions 
and becomes saturated close to the fifth repetition [52]. The examiner starts the 
measurements of shear modulus and reaction force when the constant joint angle keeper 
reached 30°, and the measurement ended automatically 1 min later. The mean value of 
shear modulus in the ROI selected to capture the gastrocmenius medialis (Fig. 3-7) was 
calculated by 1 s. The WIT was connected to a Flexiforce® Amplifier Box (Nitta 
Corporation, Osaka, Japan) and reaction force signal was collected via microcontroller 
Arduino Mega2560 Rev3 (Arduino, Trino, Italy). 
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Fig. 3-6 Experimental settings 
 
 
Fig. 3-7 ROI for elastography of the gastrocnemius medialis and its color map of tissue 
hardness 
  
Static stretching of the gastrocnemius
SWE ProbeWIT
10[s] 20[s] 30[s] 40[s] 50[s] 60[s]
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3.4.3 Results 
Fig. 3-8 shows the comparison of measured hardness indices, shear modulus 
measured by SWE, and the reaction force measured by the WIT. The graphs on the left 
show the similarity of the stress relaxation trace. The blue plots are the measured shear 
modulus, and the gray plots are the measured reaction force. The stress relaxation curve 
appears well synchronized in SS-1, -2, -3, and -5 but not in SS-4. The graphs on the right 
show the correlation of two measurement items. The results of SS-1 and SS-2 show the 
determination coefficient R2 > 0.9 and the linear relation shows a high compatibility of 
these two indices. The linear coefficient becomes smaller by repetitions until SS-4 but re-
increases in SS-5. The magnitude of change of muscle hardness got smaller by repetitions 
in both indices, the reaction force and the shear modulus. 
3.4.4 Discussion 
 The reaction force measured by the WIT shows an extremely high correlation 
with the shear modulus measured by SWE in SS-1 and -2. SWE is the most reliable 
measurement machine in the medical field for assessing changes in tissue hardness; 
therefore, the reaction force obtained from the WIT is regarded as sufficiently accurate 
for evaluating changes in muscle hardness. According to the graphs on the right in Fig. 
3-8, the coefficient of linear regression changed by repetition, and this instability was 
caused by changes in the contact condition of the sensor to the body. It is extremely 
difficult to fix the tester to the same part of the body because the viscoelasticity of the 
muscle is not constant in a living human. Even if the tester could be fixed at the same 
point with the same pressure at the first time, the stress relaxation of the indentation axis 
must occur and the absolute value of the reaction force becomes lower as time progresses. 
Therefore, only the relative value of the reaction force is useful and the absolute value of 
the reaction force is not useful in this study. 
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(a) SS-1 
      
(b) SS-2 
      
(c) SS-3 
      
(d) SS-4 
      
(e) SS-5 
Fig. 3-8 Comparison of muscle hardness measured by shear wave elastography and 
wearable indentation tester.  
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3.5 Sensor Validation Compared with 
EMG and Joint Torque Measurement 
3.5.1 Objective 
 In this experiment, the author investigated the advantages of single muscle 
hardness measurement compared with EMG and joint torque –a popular technique for 
evaluating muscle state. The objective was to confirm that a stress relaxation curve was 
observed with no EMG activity and that the muscle hardness measurement is better than 
joint torque for considering single-muscle viscoelasticity. 
3.5.2 Materials and Methods 
Six young males in their twenties participated in this experiment. All participants 
provided written informed consent. 
Ankle joint angle, ankle joint torque, EMG at the gastrocnemius medialis, the 
gastrocnemius latelalis, and the tibialis anterior (GM EMG, GL EMG, and TA EMG, 
respectively), and muscle hardness at GM and GL (GM MH and GL MH, respectively) 
were measured simultaneously, as shown in Fig. 3-9. EMG was measured by Trigno 
wirelwss EMG system (Delsys, Inc., MA, USA), and muscle hardness was measured 
WITs. Further, an ultrasound image (Hitachi, Ltd., Tokyo, Japan) was captured at the 
muscle tendon junction of GM for testing the elongation of the muscle tendon junction. 
A passive static stretching of triceps was performed for 1 min by dorsiflexing the ankle 
joint using CON-TREX® Multi Joint System MJ (CMV AG, Dübendorf, Switzerland). 
Stretching task was performed 5 times in series with 30 s intervals. Each subject tested 
both legs on a same day. 
Data was collected via a data aquisition (DAQ) unit Micro1401 (Cambridge 
Electronic Design Ltd., UK) and a software spike2 (Cambridge Electronic Design Ltd., 
UK). The sampling rate was 1 kHz. For each measurement item for muscle hardness and 
EMG, the correlation of coefficient with the ankle joint torque was calculated. 
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Fig. 3-9 Experimental settings. 
 
3.5.3 Results 
A stress relaxation curve of the ankle joint torque, Muscle hardness of GM and 
GL was observed in most of trials without change of EMG. No position change was 
observed at the muscle tendon junction. Meanwhile, one of the subjects sometimes shows 
EMG activation at TA.  
Fig. 3-10 shows the measured values of the ankle joint torque, muscle hardness 
at GM and GL, and EMG at GM, GL, and TA during a 1-min static stretching of the calf, 
where the subject could not keep stretching posture in a relaxed state and TA was activated. 
The ankle joint torque resonates with the EMG at TA (antagonist muscle to be stretched) 
but the muscle hardness at GM and GL (target muscle to be stretched) is less affected by 
the muscle activation of TA.  
Fig. 3-11 shows the correlation between the ankle joint torque, and the related 
muscle hardness and EMG during the static stretching of the gastrocnemius of all six 
subjects. Muscle hardness at GM and GL demonstrated a high correlation coefficient with 
joint toque. EMG at TA indicates a positive value of correlation coefficient. EMGs at GM 
and GL are almost zero. 
EMG amp
(Muscle activity)
Ultrasound image
(Tissue constitution)
Indentation testers
(Muscle hardness)
Dynamometer
(Joint torque)
TA
GM GL
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Fig. 3-10 Measured values of ankle joint torque, muscle hardness at GM and GL, and EMG 
at GM, GL, and TA during 1-min static stretching of the calf.  
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Fig. 3-11 Correlation between ankle joint torque, and related muscle hardness and EMG 
during static stretching of gastrocnemius. 
 
 
 
3.5.4 Discussion 
Muscle hardness measured as reaction force by the WIT was correlated with 
joint torque and both showed similar stress relaxation behavior during static stretching. 
This result suggests that material property of single muscle has large effects on joint 
stiffness. Even though the task was constant joint angle passive stretching (static 
stretching), some participants could not remain still and body vibrations were observed. 
Muscle hardness measured by the WIT was more stable than joint torque measured by 
dynamometer: less affected by antagonist muscle activity. WIT was useful for monitoring 
stress relaxation in a single muscle with relaxed state. The author considers the WIT to 
be suitable for investigating a muscle’s viscoelastic behavior during static stretching, and 
is more precise than joint torque measurement. 
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3.6 Conclusion of this Chapter 
 A WIT was developed for measuring superficial muscle hardness as a reaction 
force during static stretching, and did not interfere with relaxed human movements. 
According to the validation tests, it was confirmed that the wearable indentation tester 
could capture the viscoelastic behavior of superficial muscles more stably than joint 
torque measurement and its reaction force value was compatible with the shear modulus 
measured from ultrasound elastography. In the next chapter, the feasibility of the living-
muscle viscoelastic model is described from the results of a self-static stretching 
experiment using the WIT. 
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Chapter 4:  Investigation of 
Viscoelastic Changes in 
Muscle during Static 
Stretching 
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4.1 Overview  
In chapter 2, the author presented a new method to evaluate muscle hypotonicity 
during static stretching using a spring-pot viscoelastic model expressed by fractional 
derivatives, considering the fractal structure of a muscle fascicle. In this chapter, a 
feasibility test is performed to confirm that the proposed model is in agreement with the 
muscle behavior during self-static stretching, and that the model parameters can be 
changed when muscles are in a hypertonic state. 
4.2 Objective  
To demonstrate the feasibility of the proposed method, a set of experiments on 
live human test subjects involving static stretching of the quadriceps was performed. The 
author selected the rectus femoris, a superficial muscle of the quadriceps, as the target as 
it is the agonist muscle in many physical activities [62]. The reaction force at the rectus 
femoris was measured by an indentation test, and two viscoelastic parameters, the 
viscoelastic modulus and ratio, were derived by fitting the spring-pot viscoelastic model. 
The change in viscoelastic parameters of the muscle during static stretching is attributed 
to muscle hypotonicity, which appears in a specific stretched muscle. Observing the 
change in this model suggests that viscoelastic state changes caused by muscle 
hypotonicity in live human subjects should also be detected. The change in these 
viscoelastic parameters during static stretching was revealed, and then, the dependence 
of the viscoelastic parameters was investigated. 
4.3 Materials and Methods 
4.3.1 Subjects 
Nine male subjects in the age groups of 21 to 24 with no known physical 
disability that would inhibit stretching participated in this study. All participants provided 
written informed consent. The rectus femoris muscle was selected to be tested as the same 
reason as described in section 2.6. 
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4.3.2 Experimental Setup 
The positions of the wearable indentation tester and EMG amplifier on the rectus 
femoris and the motion-tracking markers on the lower extremities are presented in Fig. 
4-1. A wearable indentation tester to measure the muscle hardness was placed at the center 
of the muscle belly of the rectus femoris, the midpoint between the 
anterior superior iliac spine and the patella as illustrated in Fig. 4-2. In addition, an EMG 
at the rectus femoris was monitored to confirm that no voluntary contraction had occurred 
during static stretching. The EMG electrodes SX230-1000 (Biometrics, Newport, UK) 
were fixed near the wearable indentation tester on the skin covering the rectus, and the 
ground electrode was fixed on the ankle bone. The 3D position coordinates of the joints 
in the lower extremities were also tracked to confirm that the subject’s posture was static 
along the stretching exercise. Using the FASTRAK® electromagnetic 3D measurement 
system (POLHEMUS, Colchester, Vermont, US), four positions, namely superior border 
of the ilium, great trochanter of the femur, lateral epicondyle of the femur, and ankle bone, 
were measured. All the signals were re-synchronized and acquired on a laptop computer 
via a data acquisition instrument (AD conversion unit PH-780, DKH Co. Ltd., Japan). 
The sampling rate was 1 kHz. 
 
Fig. 4-1 Positions of the wearable indentation tester and EMG amplifier on the rectus 
femoris and the motion-tracking markers in the lower extremities. 
Wearable indentation tester
EMG (Rectus femoris)
EMG (GND)
FASTRAK® Receivers
Superior border of the ilium
Great trochanter of the femur
Lateral epicondyle of the femur
Ankle bone
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Fig. 4-2 Installation position of the wearable indentation tester.  
The picture is taken from [63]. 
4.3.3 Stretching Protocol 
The test subjects performed self-static stretching of their quadriceps. The task 
consisted of a single lean-back quad stretch [64] by sitting on the floor, bending one knee, 
and placing that foot next to the gluteal region. Muscle reaction force at the rectus femoris 
was measured during static stretching to examine muscle hypotonicity. Participants 
performed in the given order the following tasks: (i) static stretching after the rest (SS-
A), (ii) 50 deep squat exercises, (iii) first static stretching after the exercise (SS-B1), and 
(iv) second static stretching after the exercise (SS-B2), with approximately 1 min interval 
(Fig. 4-3). The deep squat exercise was intended to increase the muscle tone of the rectus 
femoris sufficiently to ensure the occurrence of hypotonicity. Immediately after the 
resistance exercise, an increase of muscle hardness was observed [35]. They performed 
these tasks with both legs and in a randomized order. In total, three static stretching 
exercises were performed on the leg. This is because, usually, in a clinical setting, two or 
three repetitions of static stretching for one muscle group are performed. 
The stretching duration was approximately 70 s, which is enough time to bring 
about muscle hypotonicity. The subjects lay in a flat posture before and after the stretching 
exercise on the rectus femoris to clarify the stretching period (Fig. 4-4). They were asked 
to follow these instructions: 
 Set the stretching intensity to feel their muscle was well-stretched without pain 
 Keep their joint angles constant during stretching 
 Relax their body and mind as much as possible 
Anterior superior iliac spine (ASIS)
Patella (P)
Measurement position
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Fig. 4-3 Experimental design 
 
 
Fig. 4-4 Static stretching protocol of the quadriceps 
SS-A
SS intervention: 70 s
Muscle tone conditioning
Squat exercise: 50 times
SS-B1
SS intervention: 70 s
SS-B2
SS intervention: 70 s
1 min
1 min
1 min
Stretching 70 s
Start
Stop
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4.3.4 Analytical approach 
Fig. 4-5 presents a sample of EMG data measured at the rectus femoris, hip joint 
angle, knee joint angle, and the muscle reaction force at the quadriceps muscle. The 
highest peak of the reaction force represents the start of stretching and then gradually 
decreased, as observed in the stress relaxation curve. The time at the peak of reaction 
force tstart was defined as stretching duration t = 0, and data of t = 0 to 60 s was analyzed 
in the static phase. When a significant muscle contraction or joint angle movement 
occurred, the trial was excluded from analysis. 
The viscoelastic ratio r and the viscoelastic modulus G were calculated using Eq. 
(2-19) in chapter 2, from the data on the measured reaction force. First, values of r and 
Fc at the slope were calculated and the intercept of the linear regression was determined 
using the least squares method. Next, G was calculated using Eq. (4-1):  
 
𝑮 ൌ 𝑭𝒄𝚪൫𝟏െ𝒓൯𝒍𝒄      ( 4-1 ) 
In this study, the effect of the degree of muscle elongation on viscoelasticity was 
not considered. Therefore, the author assumed lc = 1. 
The reaction force data obtained from a section in which the joint angles and 
EMG were constant were also analyzed. As observed in Fig. 4-5, the stress relaxation 
behavior, i.e. the gradual decrease in the muscle reaction force, starts after changing 
posture. The start of the static stretching was detected manually, according to the reaction 
force data and joint angles. The first 10 s of the 60 s stretch was defined as the “pre-
hypotonicity phase” and the last 30 s as the “post-hypotonicity phase.” These two phases 
accounted for the logarithmic nature of the viscoelastic response and were selected not to 
cover the time interval between 20 and 30 s, at which muscle hypotonicity mainly occurs. 
The values of r and G in the pre-hypotonicity phase are denoted as r1 and G1, and those 
in the post-hypotonicity phase as r2 and G2. 
After calculating these parameters, the dependence between the changes in these 
two parameters was examined. The correlation coefficient to determine their dependence 
in three patterns were calculated as follows: (a) r1 – r2 vs. G1 – G2, (b) (r1 - r2)/r1 vs (G1 
– G2)/G1, and (c) r1 – r2 vs. (G1 – G2)/G1. Because r is dimensionless, we investigated its 
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dependence with the viscoelastic modulus G as a dimensional number and with the rate 
of change, (G1 – G2)/G1, as a dimensionless pattern. Each combination of change 
magnitude or change rate was set as x and y in Eq. (4-2), after which the constant 
coefficients a and b and the correlation coefficient R were derived for each stretching task. 
 
𝒚 ൌ 𝒂𝒙 ൅ 𝒃    ( 4-2 ) 
 
  
Fig. 4-5 Sample measurement data of the reaction force and EMG at the rectus femoris, and 
the hip and the knee joint angles of the single lean-back quad stretch. 
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4.4 Results 
4.4.1 Basic Property of Change in Muscle 
Reaction Force during Static Stretching 
The change in muscle reaction force during static stretching and the linearity of 
the pre-hypotonicity and post-hypotonicity phases correspond to the spring-pot 
viscoelastic model expressed in Eq. (2-4). Fig. 4-6(a), (b), and (c) presents some of these 
fitting results. Subjects A, E, and H have different exercise habit, as described in chapter 
6. In Fig. 4-8, the reaction force decreases linearly and is expressed as stress relaxation, 
except for a brief period from approximately t ≈ 20–30 s. At the post-hypotonicity phase, 
the reaction force decreases, and its slope becomes more gradual than that in the pre-
hypotonicity phase. Similar changes were confirmed in other trials. 
4.4.2 The Value of Viscoelastic Parameters 
Fig. 4-7 presents the values of the viscoelastic ratio r and viscoelastic modulus 
G in the pre-hypotonicity and the post-hypotonicity phases during static stretching. Fig. 
4-7 (a) shows the change in r, and Fig. 4-7 (b) shows the change in G (N). The parameters 
r1 and G1 and r2 and G2 are the pre-hypotonicity and post-hypotonicity phase values, 
respectively. The parameter values of the pre-hypotonicity and post-hypotonicity phases 
were tested with the Wilcoxon rank sum test. In SS-B1 and SS-B2, the change in 
viscoelastic ratio was statistically significant. The mean values, standard deviations (SDs), 
and median values of each parameter are presented in Table 4-1.  
As shown in Fig. 4-7(a), the viscoelastic ratio r and its SD significantly decrease 
in SS-B1 and SS-B2, in which stretching was performed after squatting. Though the mean, 
SD, and median values decreased, the change in r was not statistically significant in SS-
A. In Fig. 4-7(b), the viscoelastic modulus does not present significant statistical changes, 
but under all conditions, the mean, SD, and median values decreased in G2. 
In the stretching order, mean values of viscoelastic parameters tended to 
decrease with repetition of the SS intervention. 
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(a) Sample data from Subject A 
  
(b) Sample data from Subject E 
 
(c) Sample data from Subject H 
Fig. 4-6 Model approximations of reaction force traced during static stretching. (a, b, c,) 
represent sample data from subjects A, E, and H, respectively, during the first static 
stretch after squat exercises (SS-B1). 
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(a) Change in viscoelastic ratio r 
 
(b) Change in viscoelastic modulus G 
 
Fig. 4-7 The viscoelastic ratio and modulus calculated from the reaction force during static 
stretching. Differences among the time windows were tested using Wilcoxon rank sum test. 
Table 4-1 Viscoelastic parameters: Mean ± SD (Median) 
SS condition 
Viscoelastic parameters 
r1 
Pre-hypotonicity 
r2 
Post-hypotonicity 
G1 (N) 
Pre-hypotonicity 
G2 (N) 
Post-hypotonicity
SS-A 
0.097 ± 0.084 0.063 ± 0.081 14.1 ± 7.59 13.6 ± 11.9
(0.064) (0.043) (12.6) (10.2) 
SS-B1 
0.088 ± 0.067 0.042 ± 0.044 13.8 ± 8.58 11.2 ± 6.85
(0.060) (0.026) (8.81) (8.36) 
SS-B2 
0.073 ± 0.047 0.022 ± 0.028 13.5 ± 9.63 10.2 ± 6.71
(0.063) (0.016) (9.56) (8.53) 
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4.4.3 Relationship between the Changes in 
Viscoelastic Parameters 
The relationships between changes in the viscoelastic parameters are presented 
in Fig. 4-8. The constant coefficients of the linear regression equation and the correlation 
coefficient of patterns (a), (b), and (c) are given in Table 4-2. (c) r1-r2 vs (G1-G2)/G1 shows 
the highest correlation (R > 0.9) in all SS conditions, and the slope a and intercept b have 
a similar value regardless of the SS conditions. As observed in Fig. 4-8(c), r1-r2 is 
proportional to (G1-G2)/G1. As a result, a change in the viscoelastic ratio is highly 
dependent on the rate of change of the viscoelastic modulus. 
Table 4-2 Coefficients given by linear regression equation (4-2) 
Pattern 
Parameter 
SS condition 
Slope Intercept Correlation 
coefficient 
x y a b R 
(a) r1-r2 G1-G2 
SS-A 58.1 -1.45 0.76 
SS-B1 54.5 0.12 0.90 
SS-B2 54.6 0.55 0.78 
(b) (r1-r2)/r1 (G1-G2)/G1 
SS-A 0.08 0.02 0.23 
SS-B1 0.32 0.02 0.81 
SS-B2 0.21 0.09 0.75 
(c) r1-r2 (G1-G2)/G1 
SS-A 3.20 -0.04 0.91 
SS-B1 3.22 0.00 0.96 
SS-B2 3.01 0.03 0.95 
  
 62
 
(a) r1-r2 vs. G1-G2 
 
(b) (r1-r2)/r1 vs. (G1-G2)/G1 
 
(c) r1-r2 vs. (G1-G2)/G1 
Fig. 4-8 Relationship between the changes in viscoelastic modulus G and viscoelastic ratio r. 
The plots represent measurement values and the lines represent linear regressions. 
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4.5 Discussion 
4.5.1 Validity of the Model 
Our model to evaluate changes in muscle viscoelasticity in the rectus femoris 
produced satisfactory results. In Fig. 4-6, the pair of linear trends were superimposed on 
two segments of (the logarithm of) a time record of indentation reaction force. Between 
these segments, the slope gently decreased, thus indicating that the spring-pot model can 
be applied to the muscle hardness measurement to capture mechanical stress relaxation 
patterns during static stretching, which is also reported in studies [42] [47]. However, in 
contrast to these related studies, the model tracks parameter changes that are attributed to 
a decrease in muscle tone due to physiological properties. Muscle hardness measurement 
can focus on more fundamental material properties of a single muscle, so that the changes 
in viscoelastic parameters become more evident with this method than they were with 
other measurement methods (such as the joint torque measurement). 
4.5.2 Change in Viscoelastic Parameters 
According to Table 4-1, each mean or median value of the viscoelastic ratio r 
was smaller than 0.1. In total, the mean value of the viscoelastic ratio r was 0.062 and its 
maximum value was 0.308. When r = 0, the spring-pot is an elastic body and when r =1, 
it is a viscous body. The viscous contribution during static stretching is, therefore, 
miniscule. Therefore, G is, effectively, a simple elastic modulus. Thus, the decrease in 
viscoelastic modulus G means that muscle elasticity, i.e., muscle stiffness, decreases from 
static stretching.  
In Fig. 4-7 the value of the viscoelastic parameters r and G in the post-
hypotonicity phase are lower than those in the pre-hypotonicity phase. Differences in 
viscoelastic ratios were statistically significant in SS-B. Muscle hypertonicity was more 
likely to occur in SS-B as the initial muscle tone was higher, as a result of stretching after 
a set of strenuous exercises, than it was after rest. Hence, the decrease in muscle 
viscoelastic parameters is attributed to the muscle’s hypotonicity. By observing the 
changes in this model, the changes in the viscoelastic state caused by muscle hypotonicity 
can be detected. 
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The mean value of each parameter decreases with each repetition, as presented 
in Table 4-1. The improvement in the joint’s range of motion, when static stretching was 
repeated for a brief period of time, was the largest during the first stretch; the increase in 
the range of motion gradually diminished with repetition [52]. An earlier study reported 
that repeated constant torque stretching significantly decreases joint stiffness until the 
third repetition [65]. Our viscoelastic parameter results demonstrate similar trends, 
suggesting that changes in the viscoelasticity of a stretched muscle directly affect joint 
stiffness and range of motion.  
According to Fig. 4-8 and Table 4-2, the change in viscoelastic ratio r is highly 
correlated to the changes in muscle elasticity. In addition to the viscoelastic modulus G, 
the viscoelastic ratio r can serve as a new evaluation index for muscle hypotonicity in 
static stretching. The change in r is proportional to the rate of change of G. The 
viscoelastic ratio r is a dimensionless number that indicates a rate. Therefore, the 
dimensionless rate of change of the viscoelastic modulus best correlates with r. To apply 
these results to real-time detection of muscle hypotonicity during static stretching, 
computational efforts must be minimized. In the linear model in Eq. (2-4), r simply 
represents the slope, whereas G describes a function of the intercept and the value of r, 
which suggests that r is more relevant than G for real-time detection of muscle 
hypotonicity. 
4.5.3 Limitations 
Although the presence of significant changes in the viscoelastic parameters was 
confirmed, each parameter exhibited large variance. 
A reason for the variance in data is attributed to tissue thickness. In this study, 
the author measured muscle hardness using skin surface indentation as this method is 
suitable to measure tone change within a single muscle. However, in this experiment, the 
measured reaction force may also capture the hardness of the skin and nearby fatty tissues, 
even though the viscoelasticity of those may be constant. The results are also influenced 
by the depth and thickness of each subject’s muscles. Therefore, to evaluate an absolute 
value of the muscle viscoelasticity, a variety of indenter specifications that can adapt to 
these individual properties must be considered. The same problem will appear when 
studying layers of deeper muscles. The author started with superficial muscles as 
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properties of fat and skin are constant, and the reaction force could reflect the superficial 
muscle’s properties the most. To apply the proposed method to the layers of deeper 
muscles, further studies must try new indentation patterns that can capture a superficial 
muscle as well as the behavior of the rest of the deeper layers of muscles. After this further 
exploration, the author can choose the most suitable measurement to their spring-pot 
method. 
In Fig. 4-7, the variances of r2 and G2 are smaller than those of r1 and G1 as the 
muscle structure is more affected by the rate of elongation in the pre-hypotonicity phases 
(in which there is higher muscle tone) than it is in the post-hypotonicity phases. In this 
study, the author did not consider the degree of muscle elongation, leading to this 
variation in calculated values. For a more precise measurement of muscle viscoelasticity, 
leading to the automatic detection of muscle hypotonicity in different patterns of 
stretching, future experiments should also control the degree of stretching with muscle 
elongation. When applying the proposed model to rehabilitation robots or sports 
instruments, additional technology, such as fusing sensors (to acquire muscle elongation 
levels), would be required. 
4.6 Conclusion of this Chapter 
In this chapter, feasibility test of the living-muscle stress relaxation model was 
conducted with the rectus femoris. The effect of initial muscle tone on viscoelastic 
changes was investigated as the change of model parameters was increasingly significant 
with a more hypertonic condition according to the physiological mechanism of static 
stretching. The experimental results revealed a sudden decrease in the values of muscle 
viscoelastic ratio r and viscoelastic modulus G during static stretching. It was also 
observed that the rate of change of the viscoelastic ratio r is proportional to the changes 
in the viscoelastic modulus G. The viscoelastic ratio r is the content ratio of the elastic 
and viscous bodies in the muscle tissue. Therefore, any structural changes in the muscle 
tissue will affect the viscoelastic modulus, which in turn indicates the apparent stiffness 
of the muscle. These parameters can be used as new indices to evaluate static stretching. 
The viscoelastic ratio r is suitable for widespread use as it is a dimensionless parameter. 
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Chapter 5:  Detection Technique of 
Muscle Hypotonicity 
Occurrence 
  
 68
5.1 Overview 
In this chapter, a signal processing method to determine the change point of the 
muscle viscoelasticity, where the time of hypotonicity occurrence is estimated, in the one-
second order was examined after considering logarithmic signal characteristics of the 
muscle reaction force. 
5.2 Objective 
In this chapter, the author tested a method to detect the time at which 
hypotonicity occurred due to static stretching, based on the living-muscle stress relaxation 
model. In theory, the time required to change the muscle viscoelasticity, which was a 
result of hypotonicity, can be detected by monitoring the value of the viscoelastic ratio, r, 
of the target muscle, as explained in chapter 2. The objective of this study is to determine 
the most suitable signal processing method to detect occurrence of hypotonicity during 
static stretching using the reaction force data obtained from a wearable indentation tester. 
The author investigated the reaction force trace at the rectus femoris during static 
stretching of the quadriceps. Herein, the goal is to determine the optimal time window for 
data approximation to calculate the change in time course of the viscoelastic ratio r and 
to ascertain the validity of the derived time of occurrence of hypotonicity. 
5.3 Materials and Methods 
5.3.1 Data Set 
The reaction force traces obtained from the experiment described in chapter 4 
were used for the analysis. Five of the eight subjects whose data were valid were 
randomly selected and their data were tested to determine the most suitable signal 
processing method. Each subject performed static stretching of their quadriceps three 
times for each leg. 
 
 69
5.3.2 Change-Detection Technique for Muscle 
Viscoelasticity during Static Stretching 
To automatically detect the time of hypotonicity occurrence, a method to monitor 
the value of the viscoelastic ratio r was proposed in chapter 2. As the decrease in the 
viscoelastic ratio, r, is proportional to the decrease in the rate of viscoelastic modulus, G, 
as revealed in chapter 4, it is easier to calculate r than the viscoelastic modulus, and thus, 
only the value of r is used.  
The reaction force data were resampled to a logarithmic scale to match the stress 
relaxation model (2-6). The sampling period of saved data was ∆ 𝑡 = 0.100 s, and it was 
resampled to ∆log 𝑡 ൌ 0.01 log s using linear interpolation.  
Using the least squares method with the measured data on time and reaction 
force, the viscoelastic ratio, r, is calculated with Eq. (5-1): 
 
𝒓 ൌ െ 𝒏𝚺 ൫𝐥𝐨𝐠 𝒕𝒊൯൫𝐥𝐨𝐠 𝑭𝒊൯െ𝚺൫𝐥𝐨𝐠 𝒕𝒊൯𝚺൫𝐥𝐨𝐠 𝑭𝒊൯𝒏𝚺൫𝐥𝐨𝐠 𝒕𝒊൯𝟐െ൫𝚺 𝐥𝐨𝐠 𝒕𝒊൯𝟐
  ( 5-1 ) 
where Fi is the reaction force at time ti, and n is the number of datasets (log 𝒕𝒊, log 𝑭𝒊).  
Fig. 5-1presents the sample data of reaction force during static stretching, and 
Fig. 5-2 presents the sample data of viscoelastic ratio r during static stretching, calculated 
within a small timeframe. At the time when the stress relaxation model changes, as 
observed in Fig. 5-1, the reaction force suddenly decreases. Thus, the viscoelastic ratio r, 
observed in Fig. 5-2, has the highest peak at that time. The time of hypotonicity 
occurrence tpeak can be derived by detecting the peak of the viscoelastic ratio rpeak. Note 
that the shaded period must be excluded from the analytical range as it is the transitional 
period immediately after a participant starts maintaining the stretched posture in a static 
state.  
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Fig. 5-1 Sample data of the reaction force during static stretching. The gray plots indicate 
measured data, the red-dotted line represents the pre-hypotonicity model, and the solid line 
denotes a post-hypotonicity model. The linear model changes at a specific time. The shaded 
area indicates the transitional period, which is excluded from the analytical range. 
 
Fig. 5-2 Sample data of viscoelastic ratio r during static stretching. By detecting the peak (red 
dot), the time at which hypotonicity occurs can be derived. The shaded area indicates the 
transitional period, which is excluded from the analytical range. 
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5.3.3 Data Analysis 
This section explains the method to derive the stretching duration necessary to 
achieve hypotonicity and investigate its validity using the optimal time window for data 
approximation to calculate the time course change in the viscoelastic ratio r. 
Data from the time before the start of the stress relaxation phase tstart were 
removed. In chapter 4, it was confirmed that the time when the stress relaxation starts can 
be easily obtained from the reaction force data, as the reaction force presents a maximum 
value when the muscles are first stretched.  
Then, the time course of the viscoelastic ratio, r, was calculated by an 
approximation of the model (5-1) using the following time windows: ∆log 𝑡 ൌ 0.02, 
0.04, 0.06, 0.08, and 0.10 log s. By searching the peak value of viscoelastic ratio rpeak in 
a period of 1 min in the stretching phase, excluding the transitional period, the time tpeak 
was detected in each time window. The stretching duration required to achieve 
hypotonicity th is given by Eq. (5-2): 
  
𝒕𝒉 ൌ 𝒕𝒑𝒆𝒂𝒌 െ 𝒕𝒔𝒕𝒂𝒓𝒕     ( 5-2 ) 
Through this procedure, the stretching duration necessary to achieve 
hypotonicity in each trial was calculated. 
Finally, the time window was evaluated by assessing the signal-to-noise ratio 
(SNR) of the peak value of the viscoelastic ratio, rpeak. The SNRs of the pre-hypotonicity 
SNRpre and post-hypotonicity SNRpost are given by Eq. (5-3) and Eq. (5-4), respectively: 
 
𝑺𝑵𝑹𝒑𝒓𝒆 ൌ
𝒓𝒑𝒆𝒂𝒌െ𝝁𝒑𝒓𝒆
𝝈𝒑𝒓𝒆     ( 5-3 ) 
𝑺𝑵𝑹𝒑𝒐𝒔𝒕 ൌ
𝒓𝒑𝒆𝒂𝒌െ𝝁𝒑𝒐𝒔𝒕
𝝈𝒑𝒐𝒔𝒕     ( 5-4 ) 
in which rpeak is the peak value of the viscoelastic ratio r, μ is the mean value of 
r, and σ is the standard deviation of r. μpre and σpre were calculated with 20 values of {rpeak-
20, …, rpeak-1}, while μpost and σpost were calculated with 20 values of {rpeak+1, …, rpeak+20}. 
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When a short time window is used, the calculated peak viscoelastic ratio rpeak, at 
the time when the viscoelasticity changes due to hypotonicity, tends to diverge. However, 
the signal is noisier during the stress relaxation phase as mechanical vibrations, such as 
cardiac pulsation or micro-vibration [66-67], might affect the calculated viscoelastic ratio, 
r. The mechanical vibrations in the body can be filtered using longer time windows. 
However, longer windows cause the value of rpeak to drop. For reliable detection of 
hypotonicity, the time window for calculating r should be optimized. 
5.4 Results 
5.4.1 Signal-to-Noise Ratio 
Fig. 5-3 presents the mean + SD of the SNR of the peak value of the viscoelastic 
ratio rpeak in the pre-hypotonicity phase. Fig. 5-4 presents the mean + SD of the SNR of 
rpeak in the post-hypotonicity phase. The differences among the time windows were tested 
using Wilcoxon rank sum test. In both the pre- and post-hypotonicity phases, the SNR 
demonstrates a downward concave curve with the time window and has the highest value 
at ∆log 𝑡 ൌ 0.06. 
5.4.2 Estimated Duration to Achieve Hypotonicity  
Fig. 5-5 presents the calculated stretching duration required to achieve 
hypotonicity 𝑡௛, with each time window of the model approximation, ∆ log 𝑡. The mean 
± SD of 𝑡௛ with ∆log 𝑡 ൌ 0.02, 0.04, 0.06, 0.08, and 0.10 log s are 22 ± 10, 22 ± 9.4, 22 
± 8.5, 22 ± 9.0, and 21 ± 11 s, respectively. The mean value was similar for all conditions. 
The SD presents an upward concave curve with the time window and has the lowest value 
at ∆log 𝑡 ൌ 0.06.  
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Fig. 5-3 Signal-to-noise ratio of the peak value of the viscoelastic ratio rpeak in pre-
hypotonicity phase. Differences among the time windows were tested using 
Wilcoxon rank sum test. 
 
Fig. 5-4 Signal-to-noise ratio of the peak value of the viscoelastic ratio rpeak in post-
hypotonicity phase. The differences among the time windows were tested using 
Wilcoxon rank sum test. 
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Fig. 5-5 Stretching duration to achieve muscle hypotonicity th with each time window of the 
model approximation. The mark “x” represents the mean value. The dot shows an 
outlier. 
5.5 Discussion 
5.5.1 Accuracy of Estimated Duration to achieve 
Hypotonicity  
  The estimated stretching duration required to achieve hypotonicity 𝑡௛  was 
mainly between 15 and 25 s, as observed in Fig. 5-5. These values are considered to be 
more accurate compared to the commonly recommended duration for static stretching 
(15–30 s) [7, 36, 64, 68]. The deviation in the stretching duration required to achieve 
hypotonicity 𝑡௛ presents the lowest value at ∆log 𝑡 ൌ 0.06, as observed in Fig. 5-5, and 
the SNR of rpeak presents the highest value at ∆log 𝑡 ൌ 0.06, as observed in Fig. 5-3 and 
Fig. 5-4. As the SNR was high, a more accurate value of rpeak can be obtained from the 
occurrence of hypotonicity and not from factors such as the mechanical vibrations of the 
body. Therefore, at least in the case of lean back quad stretch, ∆log 𝑡 ൌ 0.06 is preferred 
to be used to detect the occurrence of hypotonicity or to derive the stretching duration 
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effective for muscle tone reduction. 
In this study, the reaction force trace in the logarithmic scale was re-sampled 
with a sampling period of ∆log 𝑡 ൌ 0.01. Therefore, the author calculated the viscoelastic 
ratio r per 0.01 log s to detect hypotonicity, and then, the time in the logarithmic scale 
was converted back to the actual time. The characteristics of the logarithmic scale cause 
the time interval of the samples to enlarge when the actual time increases. The estimated 
stretching duration required to achieve muscle hypotonicity 𝑡௛ was lower than 40 s in 
most of the trials. At approximately t = 40 s, the re-sampled log times are log 1.60 ≂ 39.8 
s and log 1.61 ≂ 40.7 s. Therefore, the actual time error Δt remains below 1 s. 
5.5.2 Applicability to Other Muscles 
The wearable indentation tester is a small and simple sensor system. It uses a 
small deformation of the muscle that can be easily extrapolated to other superficial 
muscles. In this study, the rectus femoris was the target muscle. The size and shape of the 
indenter was adjusted to be large enough to deform the target muscle without causing 
pain to the subjects. The size and shape of the indenter was selected by trial and error. 
However, when applying the wearable tester to other muscles, the parameters of the 
indenter should be optimized considering muscle properties such as depth, width, and 
stiffness. Shapes and contact conditions of the wearable indentation tester should be 
tested before being applied on new muscles as the measured reaction force can be affected 
by biological vibrations such as micro-vibrations, respiratory vibrations, and pulsation. 
The most suitable signal processing may differ depending on the conditions described 
above. Therefore, further research based on this study are required to standardize signal 
processing strategies that can be applied to a variety of muscle groups. 
5.6 Conclusion of this Chapter 
Determining the optimal duration of static stretching is important to minimize 
the time required for rehabilitation therapy and motivate the patient towards daily 
rehabilitation tasks. The author has developed a method to monitor the change in single 
muscle viscoelasticity while static stretching performance. In this chapter, details of the 
investigation of a suitable signal processing method to detect the time required to change 
the muscle tone were presented considering the logarithmic form of the living-muscle 
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stress relaxation model. By calculating the viscoelastic ratio r with a certain logarithmic 
time window and detect the time when the viscoelastic ratio r presents the highest peak, 
it was confirmed that the signal-to-noise ratio marked the highest value with the 
logarithmic time window ∆log 𝑡 ൌ 0.06  under this experimental condition, and the 
occurrence of muscle hypotonicity could be obtained within an accuracy of the order of 
1 s. 
  
 
 77
 
Chapter 6:  Individual Differences 
of Muscle Hypotonicity 
Occurrence 
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6.1 Overview 
 In this chapter, an investigation of the individual differences in the occurrence 
of hypotonicity is presented. As an example, the relationship between stretching duration 
and exercise habit, such as exercise frequency and exercise intensity, is examined in 
young, healthy people. 
6.2 Objective 
Based on the principle of static stretching described in chapter 2, it is thought 
that sensitivity of a sensory organ, namely the Golgi tendon organ (GTO), to the muscle 
tension input influences the ease of expression of strain relaxation. The sensitivity must 
be trained through daily exercise to stimulate the muscle tendon organs. Therefore, a 
questionnaire-type survey was conducted on daily exercise habits, and the influence of 
two factors, exercise frequency and exercise intensity, was examined. 
6.3 Materials and Methods 
A questionnaire-survey on exercise habits, including the types of sports or 
physical activities and its frequency during the past three years, was completed for all 
eight subjects whose measurement data were valid, as mentioned in chapter 4. The 
exercise intensity levels of habitual physical activities were quantified in metabolic 
equivalents (METs). A MET is defined as the resting metabolic rate, which is the amount 
of oxygen consumed at rest, sitting quietly in a chair, approximately 3.5 ml O2/kg/min” 
[69] and is also defined as 1 kcal/kg/hour [70]. According to Compendium of Physical 
Activities [70], each description of sports or exercise activities was converted into 
estimated METs. As the test subjects were non-athlete students, their activity level was 
cited as “general” level. 
The start time of static stretching 𝑡௦௧௔௥௧  and duration to achieve muscle 
hypotonicity 𝑡௛, which were calculated using the method described in chapter 5, were 
summarized by each subject. Estimated duration to achieve muscle hypotonicity 𝑡௛ was 
tested.  
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6.4 Results 
Table 6-1 presents the specifications of subjects (exercise frequency and exercise 
intensity), estimated time at start of static stretching 𝑡௦௧௔௥௧ , and estimated duration to 
achieve muscle hypotonicity 𝑡௛. 
Fig. 6-1 presents the relationship between the exercise frequency and estimated 
duration to achieve hypotonicity 𝑡௛ by static stretching. There is no significant difference 
in mean value of 𝑡௛ between a group of people who exercises 1-2.5 days/month and 8-
10 days/month. The standard deviation of 𝑡௛ tends to get larger for the frequent exerciser. 
Fig. 6-2 presents the relationship between the exercise intensity and estimated 
duration to achieve muscle hypotonicity 𝑡௛ by static stretching. The estimated duration 
to achieve hypotonicity 𝑡௛ shares a strong linear relationship with daily exercise intensity, 
standardized by METs, and muscle state tends to change sooner with higher exercise 
intensity. 
Table 6-1 Specification of subjects and duration to achieve hypotonicity (Mean ± SD) 
Subject 
ID 
Start time of SS Estimated SS duration to achieve hypotonicity Habitual physical activity
𝑡௦௧௔௥௧ s 𝑡௛ s Frequency Intensity 
Mean ± SD Mean ± SD day/month METs 
A 8.3  ± 3.0 23.4  ± 9.4 10.0  4.8  
B 10.8  ± 5.1 14.4  ± 4.0 8.0  6.5  
C 14.5  ± 2.4 20.9  ± 2.7 8.0  5.0  
D 6.1  ± 0.7 17.7  ± 1.5 2.5  5.5  
E 6.6  ± 2.0 19.5  ± 0.8 2.5  5.3  
F 4.2  ± 1.5 21.6  ± 0.6 1.0  5.0  
G 3.4  ± 0.9 31.6  ± 0.4 0.0  3.0  
H 6.7  ± 1.9 36.7  ± 1.6 0.0  3.0  
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Fig. 6-1 The relationship between exercise frequency and stretching duration to achieve 
hypotonicity. 
 
Fig. 6-2 The relationship between exercise intensity and stretching duration to achieve 
hypotonicity. 
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6.5 Discussion 
6.5.1 Relationship between Exercise Habit and 
Duration to Achieve Muscle Hypotonicity 
Muscle hypotonicity occurs when the sensory organ GTO senses hypertension 
of the muscle. According to the result presented in Fig. 6-2, the sensitivity of the GTO is 
considered to be improved and the tension feedback works sooner if the studied muscles 
are forced to experience greater tension in daily activities. Even if muscular tension 
changes frequently, small changes in tension might not result in improved sensitivity of a 
sensory organ as there is not a significant difference in the estimated stretching duration 
among people who exercise 1-10 days/month (Fig. 6-1). Therefore, the duration of static 
stretching should be suggested considering the intensity of the habitual exercise and 
amount of tension that is applied to the target muscle.  
There is no clinical guidebook presenting similar results, however, several 
therapists specialized in the treatment of stretching told the author that they believe that 
faster muscle tone reduction occurs for athletes or people who have more active exercise 
habit. Several athletes also said that they can feel when their muscle tone is released by 
static exercise. The experimental verifications of these verbal statements contribute to the 
elucidation of a neuromuscular mechanism of stretching and suggestions for individual 
adapted parameters of stretching will be provided without asking help from expert trainers 
every time. 
In this study, the author set the rectus femoris of the quadriceps muscle group as 
an experimental target for two reasons: the rectus femoris is an agonist muscle for many 
of sports activities and daily activities and a lean back quad stretch is easier to hold a 
stretch posture with a relaxed state, compared with static stretching for other muscle 
group such as double calf stretching [50-51]. This may result in the strong linear trend 
with subjects who play a variety of sports, as presented in Fig. 6-2. In case of other muscle 
groups, especially in distal part of the body, suggestions related to stretching protocol, 
including stretching duration, will need to be made considering the exercise intensity for 
a specific part of the body. Therefore, further studies are required to determine additional 
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fundamental factors concerning the difference of hypotonicity occurrence by fusing daily 
exercise logging, biodata logging during stretching, and control of stretch intensity, speed 
or frequency. 
6.5.2 Variance of Estimated Duration of Static 
Stretching 
As observed in Fig. 6-1, the standard deviation of 𝑡௛ is large for a frequent 
exerciser. This may not be caused by their usual exercise frequency itself but by the 
variation of stretching speed, as duration need to get stable posture of stretching in this 
experiment.  
The author mentioned that degree of muscular tension must affect the GTO’s 
tension feedback mechanism; however, this study was completed with stretching 
conditions without considering stretching intensity or speed of joint extension. 
Considering each trial, 𝑡௛ tends to become shorter when the derived starting time of the 
static stretching 𝑡௦௧௔௥௧ is delayed. As shown in Table 6-1, people participating in physical 
activity more frequently present a larger variance of 𝑡௦௧௔௥௧, and this could explain the 
larger variance in 𝑡௛. 
As described in chapter 1, strategies of static stretching should be considered 
with many parameters such as intensity, speed, duration, frequency and repetition of 
stretching, and initial muscle state. Further study is needed to investigate the multiple 
factors that can affect the neuromuscular mechanism of static stretching. 
6.6 Conclusion of this Chapter  
 In this chapter, individual differences of duration to cause muscle hypotonicity 
were investigated. Using the proposed method to estimate the duration to change the 
muscle viscoelasticity during static stretching, subjects having different exercise habits 
were studied. According to the results, higher habitual exercise intensity may result in 
shorter durations of tension to achieve hypotonicity. This is attributed to the sensitivity of 
the tension feedback mechanism. A more detailed analysis with categorized subjects will 
help make suggestions for appropriate stretching protocols, including stretching duration 
for individuals. 
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Chapter 7:  Conclusion and Future 
Work 
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7.1 Conclusion 
The chronic pain induced by the shin sprint and Osgood-Schlatter disease, 
caused by sports activities or shoulder stiffness and dorsal pain from daily activities, 
arises from chronic disorders of muscles due to persistence of muscle hyper tension. 
Among the numerous disorders of the musculoskeletal system, chronic pains are known 
to constitute 50% or more of the disorders and has the potential to result in fatal reduction 
of human performance. However, as it is not associated with any fatal trauma besides 
tolerable chronic pain, it is rare to obtain improvement by medical institution consultation, 
and in many cases, the muscular function is often impaired. Therefore, carrying out daily 
interventions of conditioning and rehabilitation individually is extremely important to 
prevent and recover from these disorders. 
Static stretching is a common treatment to decrease muscle tone/tension and is 
widely performed in the clinical fields of sports and rehabilitation. This is because it can 
be easily performed individually regardless of time and place. However, many people 
cannot make static stretching exercise a habit. The primary reason is time constraint as 
completing stretching of multiple parts of the body can be long. Another reason is that 
people lack knowledge concerning proper stretching, how it should be done, and its 
potential benefits. 
To solve this problem, we should have extensive knowledge about the 
mechanism and benefits of static stretching. If accurate time required to complete 
effective static stretching was available, more people would incorporate stretching 
exercises into their everyday life, and the harmful effects of overuse injuries would be 
reduced.  
In this study, the change in muscle viscoelasticity during static stretching was 
assessed using the living-muscle stress relaxation model, which can express a 
combination of mechanical and physiological properties of muscle tissue. The author has 
worked on developing a method to estimate quantitative viscoelastic changes. 
Chapter 1 introduced backgrounds of musculoskeletal disorders and static 
stretching as a major treatment. Then, the issues related to traditional sensing and 
evaluation methods were described and the research purpose—developing a method to 
quantify muscle hypotonicity during static stretching—was described. 
In chapter 2, a living-muscle relaxation model for quantifying the change in 
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muscle viscoelasticity based on biomechanical properties was proposed. By using a 
model called “spring-pot,” which conforms to the fractal viscoelastic structure of 
biomaterials, the author proposed a new method to evaluate the occurrence of 
hypotonicity. The author applied a time-dependent change of the viscoelastic parameters, 
viscoelastic ratio, and viscoelastic modulus, to the proposed model to capture both 
mechanical and physiological properties of living muscles.  
In chapter 3, the development and validation of a WIT to continuously measure 
hardness in a single muscle during static stretching was described. The WIT was designed 
to enable continuous muscle hardness measurement without disturbing natural exercise 
motion. Compared with the traditional measurement method, such as the joint torque 
measurement, the WIT was more suitable to capture the behavior of the stretched muscle, 
and its relative change in measured value was as accurate as the shear modulus obtained 
by a shear-wave elastography. 
In chapter 4, the feasibility of the proposed method was tested in close-clinical 
settings. By performing self-static stretching of the quadriceps muscles, the change in 
viscoelastic parameters was observed, reflecting the hypotonicity as a property of the 
physiological stress relaxation. 
In chapter 5, a technique to detect the occurrence of hypotonicity using one of 
the indices, the viscoelastic ratio, was examined. By calculating the viscoelastic index 
with a defined time window in the logarithmic scale, it was confirmed that the stretching 
duration required to achieve a decrease in muscle tone could be obtained within an 
accuracy of the order of 1 s. 
In chapter 6, the proposed method to estimate the duration required to change 
the muscle tone during static stretching by monitoring the viscoelastic ratio was used to 
test subjects with different exercise habits. According to the results, a higher habitual 
exercise intensity may result in a shorter duration to achieve hypotonicity. Considering 
physiological mechanism of hypotonicity by static stretching, the habitual stimulation 
level to the sensory organ was suggested to affect the neuromuscular feedback system. 
The results of this research are expected to be useful for further elucidating the 
mechanism behind the effect of stretching and development of stretching technique 
suitable for individual muscle condition.  
It is extremely important to provide preventive medical care and conditioning 
suited to each individual to extend the life span of human beings, improving exercise 
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performance, and reducing cost of healthcare. The author hopes that this research 
methodology would help to derive strategies to realize personalized rehabilitation for 
individuals. 
7.2 Future Work 
In this study, the author investigated the fundamentals of muscle viscoelastic 
properties during static stretching, and determined that several experimental conditions 
were not severe. The priority of the author was to create clinical settings with a fully 
relaxed state, where the degree of muscle elongation, voluntary muscle contraction, and 
physiological indices such as heart rate, were not considered to avoid the mechanism of 
static stretching. 
In future works, more detailed characterizations of the mechanics of static 
stretching will be examined. For example, the effect of stretching intensity on specific 
muscle hardness will be revealed by comparing the transient values of ultrasound 
elasticity with controlled muscle elongation. Co-relaxation of several muscles stretched 
at the same time will be also considered, using the WIT on each muscle. Further studies 
on the change in muscle viscoelasticity will identify the instant at which hypotonicity 
occurs and the magnitude of hypotonicity by single static stretching. Such results have 
the potential to personalize stretching exercise regimen for an individual. 
The idea of continuous measurement of single muscle hardness itself, which 
leads to time-dependent analysis of single muscle viscoelasticity, will become more 
important to understand biomechanics of human body. Wearable sensing and sensor 
fusion technologies have large growth potential owing to recent advances in information 
and communication technologies. Such technologies, as wireless wearable sensing and 
large-scale cloud computing, will take us outside laboratories and much closer to clinical 
field, such as hospitals, homes, training gyms, or sports arenas, to conduct experiments. 
The precise modeling of muscle viscoelasticity should be developed in adaptable ways 
for these technologies. These forthcoming advances of engineering and technology will 
be able to connect fundamental studies of biomechanics to clinical rehabilitation adapted 
to individuals. 
 
 
 87
Ethical Approval 
This study was carried out with experimental protocols approved by  
 The Ethics Review Committee on Human Research, Waseda University, 2014-082 
 The Ethics Review Committee on Human Research, Waseda University, 2014-
082(1) 
 The Ethics Approvals (Human Participants) Sub-Committee, Loughborough 
University, C17-23 
  
 88
 
 
 89
Appendix  
Embodiment Informatics 
The author has been enrolled in Waseda University’s “Graduate Program for 
Embodiment Informatics” [71], which is one of the Programs for Leading Graduate 
Schools selected as part of the work by the Ministry of Education, Culture, Sports, 
Science, and Technology [72]. This thesis was supported in part by the program. Herein, 
the author explains what embodiment informatics means to them based on their 
experiences in this program. 
The program’s description says that “Embodiment informatics is an academic 
field that integrates embodiment with information to produce application benefits (the 
value of problem-solving) in important fields, such as production, medicine, and the 
environment. At the same time, it aims to create composite value from the computing 
benefits (benefits of calculation) of information technology, the network benefits 
(benefits of sharing resources) of communications technology, and the benefits of 
embodiment (benefits of existence and power) in mechanical technology. The curriculum 
of this program is designed to enable students to acquire a broad range of engineering 
knowledge. Mechanics graduates are required to take basic informatics subjects, while 
informatics graduates are required to take basic mechanics subjects [71].”  
The author took basic courses on informatics and communication strategies in 
Japanese and English as part of the curriculum for this program, and learned that data 
(binary data) can be obtained easily and without limits but information (the meaning of 
data) is limited by manipulation methods and communication strategies. Inefficient 
communication can occur anywhere, including between humans and humans, between 
humans and systems, and between systems and systems, and leads to inappropriate 
behavior. Current trends in modern society, such as the Internet of Things and artificial 
intelligence becoming part of daily life and the increase in the construction of online and 
offline human communities, are remarkable. Technology that improves the quality of the 
exchange of information between humans and machines has a significant positive 
influence on society. 
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For the author, embodiment informatics is a field of research that deals with 
methodologies for manipulating and managing information adapted for specific entities, 
such as humans, robotic hardware, and social infrastructure, of which the latter can 
include schools, railway systems, and nations. Conveniently, the virtual world is not 
limited by the laws of physics. However, in the real world, which is embodied, there exist 
laws of physics and laws of communication that cannot be broken. These laws affect 
strategies for communication between entities. Therefore, it is important to propose 
methodologies for informatics that are based on a deeper understanding of embodied 
systems. 
The author’s main interests are the function of the human body and assistive 
technology for locomotion. This thesis includes an investigation of the neuromuscular 
mechanisms of living human muscle, focusing in particular on the properties of biological 
material, which has been examined primarily from a mechanical engineering perspective. 
Herein, the author briefly introduces the relationship between this thesis and embodiment 
informatics. 
One element of this thesis relevant to embodiment informatics is the concept of 
L'Homme machine (theory of human machine). The author approached the modeling of 
human muscle function by fusing mechanical dynamics and physiological dynamics. The 
feedback system for muscle tone is based on muscle-nerve communication, which 
involves mechanical force, sensory receptors, and neurotransmitters. A deep 
understanding of the mechanisms of the human body’s fusing mechanics and informatics 
will contribute to the fields of biomechanics, biological mechanisms, and medicine.  
Another element of this thesis related to embodiment informatics is topic 
selection. The author values the rapid impact of suggestions obtained from ordinary 
people. For example, there are still many questions regarding the mechanism behind static 
stretching. The author conducted a rough experiment under conditions similar to those 
found in clinical settings, rather than a specialized experiment to investigate the 
fundamental biomechanics of stretching. The main recommendation that emerged from 
this study was related to the effective “duration” of stretching. In other words, it was 
found that quantity of time is a concept easily understood by the average person, and the 
primary reason people fail to perform static stretches is time constraints [25]. If everyone 
understood the importance of daily rehabilitation exercises, the topic would attract greater 
interest from people who are not researchers. The author believes that finding ways to 
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make a social impact is one of the goals of embodiment informatics. 
The author plans to continue research and development related human function 
and assistive technology in industry. Perspectives from embodiment informatics will 
expand the author’s ideas and serve as guidelines for the development of better products 
that are highly compatible with humans and societies of the future. 
.  
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